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Abstract  of  Dissertation  Presented  to  the  Graduate  School 
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A research  study  was  conducted  to  evaluate  the  effects  of  age 
hardening  on  the  characteristics  of  asphalts  and  mixtures.  Eleven 
asphalts,  covering  a spectrum  of  sources  and  types,  Mere  subjected  to 
exposure  In  the  Thin  Film  and  Rolling  Thin  Film  Oven  Tests  at  three 
different  temperatures.  Consistency  measurements  vere  made  before  and 
after  the  tests. 

Ten  of  Che  eleven  asphalts  «ere  used  to  make  Florida  Type  S-1 
asphalt  concrete  mixtures.  A total  of  5A0  Marshall  specimens  were  fab- 
ricated at  an  asphalt  content  of  B.E  percent.  The  compacted  specimens 
had  an  average  air  void  content  of  5 percent.  Equipment  for  aging  the 
specimens  at  140°  F included  conventional  oven,  ultraviolet  chamber  and 
forced  draft  oven.  The  specimens  were  exposed  for  1,  7,  28  and  9D  days 
using  the  three  different  aging  treatments.  Also,  one  set  of  specimens 
was  exposed  to  natural  weather  conditions  for  assessment  of  age  harden- 
ing at  time  periods  of  6 months,  1 year,  Z years  and 

xiv 


Resilient  noOulus  end  fracture  energy  values  were  determined  for 
unaged  and  aged  Marshall  soecinens  that  had  been  prepared  with  four  of 
the  ten  asphalts.  Indirect  tensile  tests  were  perfonned  on  all  test 
specimens.  Asphalt  residues  were  recovered  from  the  broken  samples  and 
subjected  to  consistency  tests.  Rheometer  tests  were  conducted  at  two 
temperatures  for  evaluation  of  aging  effects.  Also,  asphalts  recovered 
from  two  paving  projects  at  various  ages  were  evaluated  for  consistency 
and  Infrared  spectral  characteristics. 

Infrared  spectroscopic  techniques  were  used  to  identify  and  quanti- 
fy changes  brought  about  by  oxidation  and  age  hardening.  A value  termed 
Ketone  Factor  was  developed  as  a function  of  absorbances. 

Analyses  of  variance  and  regression  analyses  were  performed  on  the 
results  to  determine  the  significance  of  test  parameters  and  to  estab- 
lish relationships.  The  results  of  the  study  identified  those  testing 
techniques  idilch  characterized  asphalts  and  their  susceptibility  to 
oxidative  and  age  hardening.  Comparisons  are  made  between  hardening  in 
the  field  and  by  laboratory  procedures.  A framework  for  future  specifi- 


cations is  presented. 


CHAPTER  1 
INTRODLICTIQN 

1.1  Bactground 

Asphalt  and  asphalt-based  materials  are  used  extensively  as  bin- 
ders. sealants  and  waterproof  coatings  in  a wide  variety  of  applications 
because  of  their  desirable  cohesive  and  thermonechanlcal  properties,  re- 
sistance to  weathering,  ease  of  processing  and  comparatively  low  cost. 
However,  it  is  well  known  that  changes  In  the  original  properties  of  all 
conventional  asphalts  do  take  place  during  construction  and  field  aging. 
While  a dertain  amount  of  change  can  be  tolerated.  It  is  important  to 
ensure  In  the  process  of  selection  of  an  asphalt,  that  the  materials  not 
only  have  the  necessary  properties  at  the  time  of  placement,  such  as 
proper  viscosity  and  temperature  susceptibility,  but  also  have  good  long 
term  performance  [1],  In  recent  years,  it  has  been  the  experience  that 
at  times,  asphalts  may  meet  current  test  specifications  and  yet  show 
poor  long  term  performance.  One  of  the  problems  encountered  is 
excessive  rate  of  hardening  of  the  binder. 

Confining  the  discussion  to  the  use  of  asphalts  in  pavement  engi- 
neering, It  is  noted  that  the  excessive  rate  of  hardening  would  cause 
the  asphalt  mixture  to  become  brittle  and  the  pavement  to  crack  prema- 
turely. This  problem  is  compounded  by  variations  In  temperature  of  the 
pavement  layer  which,  in  certain  climatic  zones,  could  reach  140°  f 
(60‘  C)  on  a hot  summer's  day  and  drop  to  well  below  32"  F (0“  C)  in 
winter.  The  thermoplastic  nature  of  asphalt  now  becomes  a liability. 


SLiffer1rT9  various  changes  in  its  properties  depending  on  the  prevailing 
temperature  regime. 

To  add  to  the  uncertainties  of  performance,  a wide  variety  of 
asphalts  are  available  commencially,  their  physical  and  chemical  pro* 
perties  dependent  upon  erode  sources  and  refining  techniques.  Since  the 
1973  oii  embargo,  there  has  been  some  dissatisfaction  about  the  quality 
and  variability  of  the  properties  of  available  asphalts. 

It  therefore  becomes  necessary  to  dearly  identify  the  potential  of 
asphalts  Mith  regard  to  some  of  their  important  properties,  both  short 
and  long  term,  and  take  that  into  consideration  so  that  a better  and 
more  durable  facility  is  engineered.  This  study  concerns  intself  with 
the  evaluation  of  age  hardening  of  asphalts  and  mixtures,  with  parti- 
cular reference  to  a paving  application. 

1.2  Study  Objectives 

The  primary  objectives  of  this  study  are  as  follows: 

1.  Determine  trends  in  age  hardening  or  extent  of  variability 
In  age  hardening  of  some  typical  asphalt  cements  by  using 
different  measurement  techniques. 

2.  Study  the  effects  of  asphalt  type.  heat,  ultraviolet  light, 
forced  draft  and  natural  weathering  on  the  hardening  rate 
of  asphalts. 

3.  Acquire  pertinent  field  and  laboratory  data  from  paving  pro- 
jects, on  the  properties  of  in-service  asphalts  and  asphalt 
mixtures  up  to  a service  age  of  18  months,  and  make  a com- 
parative study  between  field  and  laboratory  aging. 


4.  Develop  anO  assess  procedures  for  studying  aging  of  aspdalt 
using  infrared  spectroscopic  techniques. 

Stated  study  objectives  lead  on  to  the  following: 

1.  Identifying  measurenents  which  can  sensitively  assess  age 
hardening. 

2.  Identifying  pnocedunes  which  can  recogniae  asphalt  quality 
with  greater  confidence. 

3.  Providing  a basis  for  a fratneworh  for  future  specifications. 

1.3  Scope  of  Study 

Eleven  different  asphalts  covering  a broad  spectriFi  of  types  were 
selected  and  used  in  the  testing  program.  For  each  of  the  asphalts. 

Thin  Film  and  Rolling  Thin  Film  Oven  Tests  were  perfamed  at  three  tem- 
peratures and  physical  and  spectra!  parameters  measured  before  and  after 
the  Oven  Tests.  Thereafter,  10  of  the  11  asphalts  were  subjected  to  a 
detailed  study.  Each  of  these  asphalts  was  used  to  make  Florida  Type  S-1 
asphalt  concrete  mixes  and  540  Marshall  specimens  were  fabricated  from 
these  mixes.  The  specimens  were  compacted  with  an  average  air  void 
content  of  S percent  and  with  an  asphalt  content  of  5.5  percent. 

Aggregate  source,  specifications  and  proportions  were  kept  constant. 

The  compacted  mix  specimens  were  subjected  to  the  following  aging 
conditions: 

1.  Conventional  oven  at  140*  F {60®  C)  for  durations  of  1,  7, 

23  and  90  days. 

2.  Ultraviolet  chamber  at  140°  F (60°  C)  for  durations  of  1, 

7,  28  and  90  days. 


3.  Forced  draft  o*ed  at  140*  F (60'  C)  tor  durations  of  1,  7, 
28  and  90  days . 

4.  Aging  in  natural  weather  conditions  on  the  roof  for  dura- 
tions of  E months,  1 year,  1 years  and  3 years. 

Of  the  aged  Marshall  specimens,  tests  were  run  on  those  oertaining 
to  four  asphalts,  to  determine  resilient  moduli  and  fracture  energy. 
Indirect  tensile  tests  were  run  on  all  the  aged  Marshall  specimens. 
After  the  strength  tests,  asphalt  residues  were  recovered  from  the 
broken  samples  and  the  following  tests  were  performed: 

1.  Absolute  Viscosity  at  140'  F (60'  C). 

2.  Penetration  at  77'  F (25'  C). 

3.  Schweyer  Rheometer  at  77“  F (25'  C)  and  59°  F (15°  C). 

4.  Infrared  spectral  analysis. 

Samples  in  the  form  of  recovered  asphalts  were  obtained  from  two 
paving  projects  at  various  ages,  both  from  wheel  path  and  between  wheel 
path  of  traffic  lane.  The  following  tests  were  conducted  on  the  re- 
covered samples: 

1.  Absolute  Viscosity  at  140'  F (60°  C). 

2.  Penetration  at  77'  F (25*  C). 

3.  Infrared  spectral  analysis. 

Statistical  analyses  were  used  to  evaluate  all  the  collected  and 
generated  data,  Regression  trends  were  plotted  and  patterns  of 
hardening  established.  Correlations  between  variables  of  interest  were 
attempted. 


CHAPTER  2 
LITERATURE  REVIEW 

2,1  Background 

During  ttie  last  fifty  years  or  so  there  has  been  a steady  Increase 
In  the  scope  and  complexity  of  research  on  the  nature  and  properties  of 
highway  asphalts.  Nevertheless,  the  state  of  art  in  asphalt  technology 
is  still  such  that  universal  agreement  does  not  exist  among  asphalt  pro- 
ducers and  consumers  as  to  the  requirements  needed  in  specifications  for 
highway  asphalts  to  ensure  satisfactory  product  performance. 

This  is  not  surprising,  for  an  analysis  of  the  data  and  information 
available  reveals  that  most  of  the  reported  research  has  been  on 
asphalts  that  were 

1.  not  well  defined  in  terms  of  fundamental  physical  and  chemical 
properties, 

2.  insufficiently  characterized  by  simulated  laboratory 
performance  tests  under  accelerated  aging  conditions,  and 

3.  rarely  documented  as  to  their  actual  performance 
characteristics  under  various  construction,  traffic  and 
environmental  conditions. 

Are  present  asphalt  specification  tests  able  to  identify  the 
important  properties  that  control  field  construction  and  pavement  per- 
formance? That  indeed  is  the  big  question. 


This  chapter  presents  a literature  review  on  the  variability  of 
paving  asphalts  by  refinery  source,  Che  mechanisms  of  asphalt  haroening, 
the  principle  and  application  of  spectrometry  in  general,  Infrared 
absorption  spectroscopy  in  particular  and  the  fundamentals  of  ultra- 
violet light  In  the  contest  of  age  hardening. 

2.!  ftsphalt  Cement  Variability  by  Refinery  Source 

Is  asphalt  as  good  as  it  used  to  be?  This  statement  is  often  re- 
peated. There  Is  a general  belief  that  the  oil  companies  are  taking  out 
the  "goodies"  from  the  asphalt  and  using  them  as  feedstock.  Are  the  oil 
companies  using  less-than-desirabl e crudes  to  manufacture  asphalt? 

Published  literature  contains  limited  information  to  Indicate 
asphalt  cement  property  variation  by  refinery  source.  Button.  Epps, 
Little  and  Callaway  [2]  have  guoted  Pualnauskas  [3]  that  physical  pro- 
perties (including  temperature  susceptibility)  of  asphalt  cements  pro- 
duced In  1979  have  the  same  range  of  values  as  those  produced  in  1964. 
Studies  at  Pennsylvania  State  University  [4]  done  on  a statistical  basis 
from  data  collected  by  them  from  specific  refining  sources  indicated 
that  the  physical  properties  of  asphalt  cements  from  certain  refineries 
have  changed  with  time,  whereas  asphalts  fr«n  other  refineries  show  ho 
significant  change.  Button  et  al . [2]  are  not  certain  whether  these 
changes  are  significant  from  the  standpoint  of  pavement  construction  and 
performance.  They  also  observed  that  asphalt  cements  produced  in  the 
post-1976  period  have  a greater  resistance  to  TFOT  hardening  than  do 
those  asphalt  cements  produced  prior  to  1977.  Anderson  and  Dukatz  [4] 
studied  changes  in  the  physical  and  chemical  properties  of  asphalt  pro- 
duced before  and  after  the  1973  oil  embargo  and  concluded  that 


tenlpe^^ture  susceptibHIty  of  the  sampled  asphalts  Increased  over  the 


time  period  1950-1SB0.  Increases  In  shear  susceptibility  were  noted 
over  the  sampling  period;  however,  because  of  the  limited  data  base,  the 
euthors  advise  caution  while  viewing  this  conclusion.  The  most 
significant  conclusion  made  by  them  was  that  asphalt  properties  vary 
with  region  and  the  changes  in  asphalt  properties  over  the  time  period 
1950-1980  also  varied  with  region.  Burati  et  al.  [6]  studied  variation 
of  asphalt  properties  between  refinery  sources  in  South  Carolina  and 
noted  that  there  is  a variability  between  sources  and  that  properties  of 
asphalts  from  the  same  source,  varied  from  month-to-month. 

It  therefore  seems  apparent,  that  the  need  of  the  hour,  as  it  has 
been  throughout  the  past  30  years  or  so,  may  not  be  for  an  improved 
asphalt  quality,  whatever  that  may  mean,  but  for  a better  understanding 
of  the  engineering  properties  (especially  with  time)  of  a particular 
asphalt,  and  applying  that  information  to  the  design  of  the  paving 
mi xture. 


8.3  Mechanisms  of  Asphalt  Hardening 
Asphalt  durability  can  be  defined  as  resistance  to  change  in  orig- 
inal properties,  for  the  worse,  during  construction  and  in-service 
aging.  The  aging  of  asphalt  can  be  caused  by  a number  of  factors  such 
as  oxidation,  loss  of  volatile  oils,  and  changes  in  structure  and  chemi- 
cal composition. 

2.3.1  Oxidation 

Early  literature  all  indicated  that  oxidation  was  a prime  cause  of 
asphalt  deterioration.  Data  indicating  that  oxygen  contributes  to  an 
increase  in  hardness  was  first  reported  nearly  SO  years  ago  in  a study 
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wtiere  layers  of  asphalt  cements,  liquid  aschalts  and  tars  were  exposed 
to  light,  air  ant)  solar  heat  for  one  year  [6], 

It  1s  noa  well  known  that  the  most  inoortant  factor  associated  with 
hardening  is  the  oxidation  of  the  asphalt  throughout  the  entire  thick- 
ness of  the  asphalt  concrete  pavement.  Hardening  of  the  surface  is  gen- 
erally greater  due  to  greater  availaoility  of  oxygen  and  higher  tempera- 
ture and  ultraviolet  light  [?].  This  is  confirmed  by  the  results  of 
other  investigators  where  the  top  quarter  inch  of  the  pavement  was  found 
to  have  a viscosity  SO  percent  greater  than  at  depths  of  one  half  inch 
C8]. 

Z.3.?  Air  Voids  Content 

Both  surface  and  at  depth  hardening  are  probably  most  influenced  by 
the  voids  content.  Pavements  with  lateral  cracking  and  high  air  voids 
had  a greater  degree  of  hardening  and  oxidation  than  uncracked  pavements 
with  low  voids  [9].  Tests  on  samples  taken  periodically  after  construc- 
tion indicated  Increased  hardening  with  age.  In  a classic  study  by 
Goode  and  Lufsey  [ID],  it  was  found  that  air  void  content  or  permea- 
bility, per  se,  did  not  appear  to  be  the  only  factor  affecting  the  rate 
of  hardening,  Air  void  content,  combined  with  film  thickness,  appeared 
to  have  the  greatest  effect  on  hardening  rate. 

Page,  Murphy,  Ruth  and  Roque  [II]  concluded  that  by  considering  air 
void  content  at  some  selected  age,  the  recovered  asphalt  viscosity  or 
penetration  usually  indicates  harder  asphalts  for  high  air  void  content 
samples.  They  also  observed  that  certain  asphalts  when  used  in  a pro- 
perly designated  mix  and  compacted  to  achieve  a 6 percent  or  less  air 
void  content,  appear  to  exhibit  very  low  or  no  age  hardening  over  the  3- 


period  of  the  investigation. 


2.3.3  Content  snfl  Hggregate  Sradatlon 


It  is  interesting  to  note  that  Higher  esphsit  contents  did  not 
reduce  the  smount  of  hardening  [7].  It  appears  that  the  film  thickness 
has  a lesser  effect  for  graded  mixtures.  This  is  partially  verified  by 
the  results  of  another  study  where  it  was  found  that  hardening  during 
the  first  few  months  of  service  was  due  to  the  laying  and  compaction 
operation  [12].  Also,  the  different  designs  using  both  a coarse  graded 
and  dense  graded  mixture  with  the  same  asphalt  content  did  not  influence 
hardening  during  mixing  and  after  20  months. 

2.3.4  Climatic  Effects 

Climatic  effects  as  observed  in  Australia,  appear  to  have  a signi> 
ficant  effect  on  hardening.  The  rate  of  thermal  oxidation  was  approxi- 
mately doubled  for  every  10*  C (IS*  F]  rise  in  temperature  [13]. 

Reaction  with  oxygen,  both  in  absence  and  presence  of  light,  was  con- 
cluded to  be  the  primary  cause  of  hardening. 

2.3.5  Crude  Source 

Corbett  and  Schweyer  [14]  conclude  that  crude  source  is  a variable 
affecting  both  the  composition  and  the  corresponding  flow  properties  of 
the  original  asphalt  used  in  paving.  They  estimate  that  there  are  as 
many  as  600  different  compositions  being  used  today  in  north  America. 
Investigations  in  Saskatchwan  showed  that  there  was  a relationship  be- 
tween asphalt  source  or  refinery  and  the  amount  of  transverse  cracking 
[15],  It  was  observed  that  the  largest  changes  in  properties  of  the 
binder  occurred  in  the  pugmill  and  during  the  first  twelve  months  of 
service.  However,  some  asphalts  were  affected  more  by  mixing  than  in 
situ  aging  and  vice-versa. 


2.3.6  Preflictlnq  Asphalt  Durability 


Creen.  To1or>en  srid  Peters  [16]  invest’gated  several  labsratory 
techniques  for  predicting  asphalt  durability.  Their  studies  Included 
rolling  thin  film  oven,  weatheroneter  exposure,  chemical  ccxnpositlon  and 
vanadiim  analysis,  which  were  related  to  environmentally  exposed  speci- 
mens to  produce  predictable  responses.  Kemp  and  Predoehl  [17]  studied 
the  weathering  of  four  briquettes  In  four  distinctly  different  field 
environments  for  four  years.  The  controlled  variables  included  three 
different  asphalts,  three  void  ranges  and  two  aggregate  sources.  They 
found  that  thermal  oxidation  Is  the  most  significant  factor  affecting 
the  rate  and  amount  of  asphalt  hardening  In  hot  climates.  Voids  and 
aggregate  porosity  are  also  contributing  factors  but  are  dependent  upon 
the  susceptibility  of  the  asphalt  to  these  factors. 

Santucci , Goodrich  and  Sundberg  [18]  reported  that  viscosity  Is  a 
more  sensitive  measure  of  asphalt  changes  during  oven  durability  tests 
than  penetration.  Asphalt  binders  always  Increase  In  viscosity  starting 
with  the  hot-mix  cycle.  A two  to  four-fold  Increase  In  viscosity  and  a 
30  percent  decrease  in  penetration  generally  occurs  Dy  the  time  the 
pavement  is  a year  old  [14].  Thereafter,  the  viscosity  level  Increases 
more  slowly  and  typically  reaching  about  20,000  oolses  at  60°  C (140*  F) 
In  about  25  years,  based  on  an  original  AC-20  asphalt. 

To  Page  et  a1.  [11],  it  appeared  feasible  to  predict  or  simulate 
in-service  hardening  by  using  the  asphalt  in  mixtures  compacted  to 
different  air  void  contents  and  then  subjected  to  heating  in  an  oven  at 
60°  C (140°  F).  Also,  they  observed  that  the  effect  of  plant  mix  tem- 
perature on  hardening  was  proportional  to  the  TFOT  temperature. 


2.4  Soectrochgiiicfll  Metnofls  of  Analysis 
2.4,1  Theoretical  Background 

Some  of  the  earliest  means  used  for  the  characterization  of  oBjects 
and  substances  were  based  upon  the  observation  of  color.  Even  today, 
the  description  of  any  object  usually  includes  a statement  regarding 
color.  Color  arises  from  the  absorption  and  emission  of  light  by  natter, 
each  form  of  matter  displaying  its  own  absorption  or  emission 
behavior.  In  fact,  this  behavior  is  so  important  that  an  entire 
subdiscipline  of  chemistry  called  spectrochemical  analysis  has  been 
developed  around  it.  In  this  portion  of  the  review,  the  fundamental 
principles  of  spectrochemistry  will  be  examined  and  a few  specific 
techniques  which  employ  these  principles  for  purposes  of  qualitative  and 
quantitative  chemical  analysis  will  be  considered. 

In  spectrochemical  analysis,  the  spectrim  of  electromagnetic  radia- 
tion is  employed  to  determine  chemical  species  and  to  characterize  their 
interactions  with  electromagnetic  radiation  [19].  A spectrimi  is  a plot 
of  some  measurable  property  of  the  radiation,  f(v),  as  a function  of  the 
frequency  of  the  radiation,  v.  From  a spectrum,  two  important  pieces  of 
information  can  be  obtained.  First,  from  the  shape  of  Che  spectrum,  a 
chemical  species  can  often  be  identified  qualitatively.  Second,  from 
the  magnitude  of  f(v]  at  chosen  frequencies,  the  amount  of  a chemical 
species  present  can  be  determined  quantitatively. 

To  amplify  on  these  statements,  it  is  necessary  to  recall  the  fact 
that,  for  a photon  (quantum  of  electromagnetic  radiation),  frequency  is 
related  to  energy  through  the  Plahck  equation. 


(2.1) 
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where  E i?  the  ener9y  of  the  photon,  v is  the  frequency  end  h is 
Planck's  constant  (6.624  x 10'^^  erg  sec).  Therefore,  a photon  of  elec- 
tromagnetic radiation  has  a definite  energy  and  can  cause  transitions 
Detueen  the  energy  states  in  atoms,  imiecuies  and  other  chemical 
species.  To  cause  such  a transition,  the  energy  of  the  photon  must  be 
equal  to  the  difference  between  the  energy  states  involved  in  the  tran- 
sition. Thus,  we  can  examine  chemical  species  by  using  electromagnetic 
radiation  as  a probe,  the  frequahcy  of  the  radiation  being  related  to 
the  energy  change  associated  with  the  observed  transition. 

Because  energy  states  differ  among  chemical  species,  it  is  to  be 
expected  that  the  energy  changes  involved  in  the  transitions  will  also 
differ.  This  implies  that  a spectrum  will  be  a highly  individual  pro- 
perty of  each  substance,  and  that  observation  of  the  spectrum  can  be 
employed  to  advantage  for  identification  of  the  substance.  In  effect, 
the  spectruh  is  a map  of  the  transitions  which  occur  between  energy 
states  of  the  chemical  species.  Furthermore,  the  number  of  times  each 
transition  occurs  during  a fixed  interval  is  related  to  the  total  number 
of  chemical  species  which  can  undergo  that  transition.  Therefore,  if 
the  measured  parameter,  f(v),  in  a spectrum  can  be  related  to  the  total 
number  of  transitions,  the  spectrum  can  be  used  to  determine  the  concen- 
tration of  species  present. 

There  is  no  restriction  on  the  frequency  of  electromagnetic  radia- 
tion employed  in  spectrochemistry,  in  fact,  spectrochemical  analysis 
can  utilize  frequencies  ranging  from  those  of  audio  waves  (10  to  10,000 
Hz)*  to  those  of  gamma  rays  (10^^  Mz).  Over  this  enormous  range  of  fre- 


1 Hz  » 1 cycle 


13 


Quericles.  the  principles  of  speclrochemical  analysis  remain  unchanged, 
the  only  difference  being  the  magnitude  of  the  energy  changes  which  are 
probed,  figure  3.1  shows  the  range  of  frequencies  coninonly  used  in 
spect rochenistry. 

3. a. 2 Some  Relevant  Characteristics  of  Electromagnetic  Radiation 

Because  the  interaction  of  radiation  with  chemical  species  is  the 
foundation  upon  which  spectrochemical  analysis  is  based,  several  impor- 
tant characteristics  of  electromagnetic  radiation  need  emphasis. 

Figure  3.2  portrays  a sinusoidally  oscillating  electromagnetic 
wave,  traveling  through  space  in  an  arbitrary  direction  n.  As  its  name 
implies,  the  wave  cohsists  of  oscillating  electric  (E)  and  magnetic  (M) 
fields,  which  are  orthogonal  to  each  other  and  which  travel  at  a con- 
stant velocity  [c].  Assuming  the  wave  has  a constant  frequency  of  osc- 
illation (v),  the  wavelength  will  be  a constant  and  equal  to  the 
distance  the  wave  travels  during  one  period-^  of  its  oscillation. 
Therefore  the  wavelength  (t)  can  be  calculated  from  the  well-known 
formula: 


distance  » velocity  x time 

fcxi-^  (2.2) 

Because  of  this  relationship  to  frequency  (v),  wavelength  (A)  is 
often  used  as  the  horizontal  axis  for  a spectrum. 

It  should  be  noted  that  wavelength  is  inversely  proportional  to 
frequency  and.  therefore,  to  energy  as  well.  Because  it  is  sometimes 
desirable  to  refer  to  the  energy  of  a spectrochemical  transition,  a 
quantity  proportional  to  energy  is  often  used  instead  of  wavelength  or 


frequency.  This  quantity,  called  a wave  number 
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Figure  2.2  Portrayal  of  an  Elearomagnetic 


defined  by 
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(reciprocal  centimetres),  Is  given  the  syinobl  v and  is 
expression 


Several  other  characteristics  of  electromagnetic  waves  are  impor- 
tant to  spectrochemical  analysis.  One  such  characteristic,  monochroma- 
ticity, refers  to  the  spectral  purity  of  the  wave.  For  an  idealiaed 
wave  such  as  that  depicted  in  Figure  2. 2,  only  a single  frequency 
exists.  Such  a wave  Is  said  to  be  monochromatic.  Actually,  few  truly 
mohocbromatlc  waves  are  ever  employed  In  spectrochemistry.  More  often, 
the  radiation  used  contains  a range  of  frequencies  spread  over  a certain 
spectral  Interval.  This  bandwidth  Is  often  of  considerable  importance 
in  spectrochemical  measurements  and  can  affect  both  the  qualitative  and 
quantitative  validity  of  an  analysis. 

2.4. 3 Absorption  of  Radiation 

If  a beam  of  electrnnagnetic  radiation  is  sent  into  a chemical 
sample.  It  is  possible  for  the  sample  to  absorb  a portion  of  the  radia- 
tion. This  phenomenon  is  depicted  in  Figure  2.3  which  shows  a beam  of 
radiation  having  a radiant  power  P„  being  directed  into  a sample.  Each 
specific  frequency,  up  v^  and  so  on,  which  comprises  the  beam  of  radia- 
tion will,  of  course,  have  its  own  energy,  hVp  and  so  on.  If  the 
chemical  san^le  contains  a species  whose  energy  states  differ  by  any  of 
these  exact  energies,  the  sample  will  absorb  radiation  at  those  fre- 
quencies. This  behavior  is  illustrated  in  Figure  2.3,  in  which  a chemi- 
cal species  having  energy  level  G and  £ Is  portrayed.  If  the  species 
(atom,  molecule  or  ion)  exists  in  the  lower  (ground)  energy  state  G 
before  its  encounter  with  the  beam  of  radiation,  it  can  be  excited  to 
the  upper  state  E.  In  this  excitation,  the  species  must  absorb 
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A quantity  of  energy  hup  which  is  exactly  equal  to  the  difference  in 
energy  between  states  S and  E. 

Energy  required  to  excite  the  species  to  the  upper  energy  state  E 
is  drawn  from  the  beam  of  radiation,  so  that  the  total  radiant  power  of 
the  bean  is  dininished  at  the  frequency  of  absorption,  Vj.  Therefore, 
after  encountering  a number  of  absorbing  species  in  the  sample,  the  beam 
will  exit  from  the  sample  with  a reduced  radiant  power  P.  It  should  be 
recognized  that  only  those  frequencies  capable  of  being  absorbed  by  the 
sample  will  be  attenuated  In  a purely  absprbing  sample;  all  other  fre- 
quencies will  pass  through  the  sample  with  no  power  loss.  This  result 
suggests  the  possibility  that  components  in  the  sample  can  be  Identified 
from  the  absorption  spectrum,  that  Is,  from  the  frequency  components  of 
the  radiation  which  are  absorbed.  Understandably,  the  diminution  in  the 
radiant  power  of  the  beam  at  each  frequency  should  be  related  to  the 
number  of  absorbing  chemical  species  present  in  the  sample.  This  infor- 
mation provides  the  basis  for  quantitative  analysis. 

E.a.a  Soectrochemical  Measurements 

Figure  2.4  depicts  a generalized  spectrochemical  instrument,  arrows 
Indicating  the  flow  of  infomatioh  through  the  instrument.  In  this 
arrangement,  an  input  device  is  used  to  convert  information  on  chemical 
composition  and  structure  into  information  in  the  form  of  electro- 
magnetic radiation.  Therefore,  this  device  is  a transducer  which 
encodes  the  chemical  information  into  another  form,  namely  electro- 
magnetic information. 

To  decode  or  extract  the  chemical  information  encoded  in  the  radia- 
tioh,  a second  transducer,  comohly  called  the  detector.  Is  required. 

In  the  spectrochemical  instrument,  the  function  of  a detector  is  to 
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Figure  2.4  Generalieed  Spectrochemic 
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provide  a measpraple  electrical  signal  which  is  proportional  to  Che 
radiant  power  of  the  radiation  incident  upon  the  detector.  The  final 
output  can  take  many  forms,  from  a simple  meter  deflection  to  columns  of 
numbers  or  graphical  displays  from  a computer. 

A final  Put  indispensable  component  of  the  generalized  spectro- 
chemical  instrument  is  the  control  system.  This  device  is  responsible 
for  coordinating  all  the  events  and  operations  that  take  place  in  the 
instrument,  from  selection  and  introduction  of  the  sample  to  interpre- 
tation of  the  readout  signal. 

2. a. 5 Quantitative  Laws  of  Absorption 

Quantitative  methods  of  analysis  based  upon  the  absorption  of  radi- 
ant energy  by  matter  require  the  measurement  of  radiant  power  and  a 
quantitative  understanding  of  the  laws  which  govern  the  eitent  of 
absorpti on. 

Consider  the  transmission  of  electromagnetic  radiation  through  a 
container  of  absorbing  species.  It  can  be  stated  quite  simply  that  the 
extent  of  absonption  depends  upon  the  number  of  encounters  between 
photons  and  species  capable  of  absorbing  them.  As  the  photons  pass 
through  the  medium,  the  rate  at  which  they  are  absorbed  depends  upon  the 
number  of  photon-absorber  collisions,  which  in  turn  depends  on  the  power 
of  the  electromagnetic  radiation  and  on  the  concentration  of  the  sample 
species.  For  example,  if  the  rate  of  photon  absorption  is  to  be 
doubled,  the  number  of  photon-absorber  collisions  can  be  doubled  by 
doubling  the  number  of  photons  or  by  doubling  the  number  of  absorbers. 

In  either  case,  collisions  will  occur  twice  as  often,  and  the  rate  of 
absorption  w1l  go  up  by  a factor  of  two.  If  the  population  densities  of 
both  photons  and  absorbers  were  doubled,  they  would  bump  into  each  other 
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four  tlines  as  often,  and  tde  rate  of  absorption  Mould  increase  Dy  a fac- 

The  reiationsliip  between  radiant  power,  concentration,  and  rate  of 
absorption  are  embodied  in  two  laws:  Lambert’s  law,  iriiich  expresses  the 
dependence  of  the  rate  of  absorption  on  the  power  of  Che  photon  beam; 
and  Beer's  law,  vAich  relates  the  absorption  rate  to  the  concentration 
of  absorbing  species  in  the  sample.  The  most  familiar  expression  of  the 
combined  Lambert-Beer  law  is  usually  written  as 


(2.4) 


where  ” power  of  incident  radiation,  any  units 

P = power  of  transmitted  radiation,  any  units 
a = absorptivity,  liter  gm"*  cm"* 
b • sample  path  length,  cms 
c ■ concentration  factor,  gms/liter 
The  quantity  log  is  defined  as  absorbance  and  is  given  the  symbol 
A.  Because  A is  directly  proportional  Co  the  concentration  of  the 
absorbing  species,  some  instruments  for  absorption  measurements  are 
calibrated  to  read  directly  in  absorbance  units. 

2.4,6  Deviations  from  the  lamtiert-Beer  law 

Deviations  from  the  law  are  of  three  types»rea1  chemical  and 
instrumental.  Real  deviations  arise  from  changes  in  the  refractive 
index  of  a medium  which  occur  because  of  variations  in  the  concen. 
trations  of  its  components.  A rigorous  derivation  assumes  a constant 
refractive  index  for  the  absorbing  medium;  any  error  in  this  assumption 
produces  a consequent  uncertainty  in  Che  experimental  results. 
Generally,  errors  caused  by  changes  in  refrective  index  are  minimal,  so 


real  deviations  from  Lanbert-Beer' s law  are  neglected  ir 


absorption  spectrochemical  analyses. 

Cbemical  deviations  from  Laflibert-Beer's  law  are  caused  by  shifts  in 
tbe  position  of  a chefnical  or  physical  equilibricjn  involving  the  absor- 
bing species.  Consider,  for  eiample,  the  following  reaction  between  an 
absorbing  species  A and  another  secies  B to  form  species  C and  D: 

A * B * C ♦ D 

Any  change  affecting  the  position  of  this  equilibrium  will  alter  the 

The  use  of  non-nonochronatic  radiation  is  the  most  common  instru- 
mental cause  of  deviations  from  Lambert-6eer*s  law.  In  most  spectral 
regions,  it  is  difficult  or  impossible  to  obtain  truly  monochromatic 
radi ation. 

B.5  Infrared  Absorption  Spectroscopy 

A rapid  development  of  infrared  absorption  spectroscopy  began  at 
the  end  of  Uorld  War  II  when  the  first  conmercial  instrument  became 
available  in  the  United  States.  At  the  present  time,  infrared  spectro- 
scopy is  used  extensively  for  the  investigation  of  molecular  structure 
and  the  analysis  of  functional  groups. 

2.5.1  Basic  Principle 

The  basic  principle  of  this  method  is  that  interaction  of  infrared 
electromagnetic  radiation  with  mass  results  in  absorption  of  certain 
wavelengths  of  radiation,  the  energy  of  which  is,  in  seme  way,  related 
to  the  energy  states  of  the  molecules  or  groups  of  atoms  within  the 
molecules.  In  the  spectrum  produced,  the  absorption  intensity  is  re- 
corded as  a function  of  wave  number  or  wavelength;  specific  groups  of 
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atons  in  the  nolecules  give  rise  to  characteristic  ahsorptioo  haohs 
whose  wave  numbers  fall  within  a definite  range  regardless  of  the  com- 
position of  the  remainder  of  the  moiecules.  This  constancy  of  absorp- 
tion wave  numbers  mates  possible  the  determination  of  functional  groups 
present  in  the  substance  being  analyzed.  From  the  exact  value  of  Che 
wave  numbers  at  which  absorption  is  observed,  conclusions  may  be  drawn 
about  the  influence  of  adjacent  groups  in  the  molecule  or  in  neighboring 
molecules  or  the  vibration  of  the  group  in  question.  It  is  then  possi- 
ble to  create  a picture  of  the  molecular  configuration  and  to  determine 
details  of  the  probable  structure.  Because  of  the  great  variety  of 
possible  vibrations  in  most  molecules.  It  is  practically  impossible  to 
find  two  compounds  which  would  have  identical  spectra.  For  this  reason, 
the  infrared  spectrum  is  often  referred  to  as  a 'fingerprint'  of  a mole- 
cule [193.  If  a large  enough  library  of  spectra  is  available,  it  is 
possible  to  identify  compounds,  and  in  favorable  instances,  even  mix- 
tures of  compounds,  by  comparison  with  such  reference  spectra. 

2.9.2  Spectroscopic  Analysis  of  Asphalts 

The  analysis  of  asphalts  is  no  simple  matter  because  of  the  variety 
of  molecular  types  and  structures  present  as  well  as  their  relatively 
nigh  molecular  weights.  Because  the  number  of  molecules  in  asphalt  with 
different  chemical  structures  and  reactivities  is  extremely  large,  the 
determination  of  asphalt  composition  by  separation  of  asphalt  into  its 
molecular  components  is  generally  considered  impractical  120], 

Beitchman  [21]  described  a method  for  the  preparation,  irradiation 
and  Infrared  analysis  of  thin  films  of  air  blown  asphalts.  He  observed 
that  increases  in  absorption  at  wavelengths  of  2.91  microns  {wave  number 
of  3430  cm'^).  5.B8  microns  (17D0  cm'*)  and  9.71  microns  (1030  cm'*) 
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were  produced  by  exposure  of  unsupported  films  of  sspbaU  to  ttie  r2diant 
ener^  of  a carbon  arc.  Wright  and  Campbell  [6]  reported  on  the  work 
done  by  Greenfield  and  Wright  who  modified  this  method  and  used  it  to 
show  the  relationship  between  the  change  1n  absorption  of  the  carbonyl 
band  due  to  carbon  arc  exposure,  and  the  time  to  failure  of  the  same 
asphalts  In  accelerated  weathering  machines.  The  change  in  absonption 
of  the  carbonyl  band  was  called  the  "carbonyl  index".  Twenty-four 
asphalts  were  evaluated  in  this  study  and  with  the  exception  of  certain 
modified  asphalts,  an  inverse  relationship  was  shown  for  cycles  to 
failure  versus  Increase  in  carbonyl  index.  In  discussing  the  rela- 
tionship between  carbonyl  index  and  durability,  Greenfield  and  Wright 
concluded  that  when  very  high  oxidation  results  are  obtained  for  a fixed 
Irradiation  period,  the  carbonyl  index  is  limited  as  an  indicator  of 
durability.  Unusually  nigh  values  of  change  in  absorbance  may  or  may 
not  indicate  poor  durability.  Low  values,  however,  are  excellent 
indicators  of  good  durability. 

Using  methods  similar  to  that  of  Seitchman  [21],  Wright  and 
Campbell  [6]  studied  the  oxidation  rate  of  eight  air  blown  asphalts  by 
measuring  the  change  in  infrared  absorption  at  5.6G  microns  (1700  cm*^ 
with  time  of  exposure  to  the  radiant  energy  of  a carbon  arc.  While  all 
the  asphalts  oxidized  at  different  rates,  those  from  the  same  geograph- 
ical areas  had  similar  rates;  those  from  different  areas  differed  con- 
siderably. An  inverse  relationship  was  found  between  the  rate  of 
oxidation  and  the  accelerated  weathering  durability  of  each  asphalt. 

The  results  of  this  study  indicated  that  by  the  use  of  infrared  spectra 
of  asphalt  films,  oxidation-rate  results  can  be  obtained  rapidly  and 
accurately.  The  authors  sumned  up  by  stating  that  "oxidation  rate  data 
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Offer  d potential  Oasis  for  preoictlng  natural  weathering  durability,  as 
well  as  development  of  a product  duality  specification”  (p.  264). 

SmitO,  Schuett  and  Hodgson  t22].  In  their  study  of  rooting 
asphalts,  noted  the  sensitivity  of  Infrared  spectra  for  making  quantita- 
tive comparisons  of  the  functional  groups  in  asphalts.  Reporting  the 
relationship  between  carbonyl  absorption  and  weatherabHity,  the  authors 
found  no  correlation  between  the  initial  carbonyl  content  and  weather- 
ability.  For  a given  type  of  hydrocarbon  composition,  an  asphalt  that 
has  undergone  considerable  oxidative  aging  from  blowing  may  not  with- 
stand additional  oxidation  from  weathering  so  well  as  one  which  has  not 
been  blown  so  much.  In  the  few  instances  that  they  encountered  in  which 
asphalts  have  closely  similar  hydrocarbon  structures  but  differ  In 
carbonyl  concentration,  the  ones  with  the  greatest  amount  of  carbonyl 
weather  least  well.  Another  possibility  emphasized  by  them  is  that  a 
greater  amount  of  carbonyl  can  be  tolerated  in  an  asphalt  high  in  methy- 
lene chain  content  than  in  one  with  lower  methylene  chain  content. 

Connenting  on  the  changes  induced  in  asphalts  by  heat  and  ultra- 
vidlet  irradiation.  Smith  et  a1.  made  the  following  three  important 
observations; 

1.  The  absolute  infrared  absorption  band  changes  from  oxidation  of 
asphalts  by  weathering  are  large  as  compared  to  most  of  the  hydrodarbon 
absorption  band  differences  in  asphalts.  The  stronger  absorptivities  of 
oxygen  bands  make  the  differences  among  them  more  easily  measured  than 
in  hydro-carbon  structures,  and  for  routine  testing,  this  comparative 
ease  of  measurement  has  merit. 
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2.  There  ere  cases  where  the  goorer  weathering  asphalts  showed 
just  slightly  higher  changes  in  carbonyl  content  than  the  more  durable 
asphal ts. 

3.  Ultraviolet  irradiation  sroduces  changes  corresponding  to  those 
at  the  surface  of  weathered  asphalts,  while  heating  in  the  dark  or  under 
infrared  radiation  produces  changes  corresponding  to  those  idiich  occur 
below  the  surface  of  the  weathered  asphalt. 

From  the  foregoing,  it  will  be  seen  that  early  researchers  who  used 
infrared  spectroscopy  for  characterization  of  asphalts  found  the  techni- 
que useful  in  determining  the  general  chemical  structural  types  pre- 
sent. However,  the  strongly  associating  polar  functionalities  present 
were  never  adequately  identified  or  characterized  because  of  several 
Inherent  problems  such  as  overlapping  and  ill-defined  absorption  bands, 
and  the  shifting  of  absorption  bands  from  hydrogen  bonding. 

2.5.3  Functional  Groups 

The  hydrocarbon  components  of  asphalt  exhibit  both  polar  and  non- 
polar intermolecular  forces.  The  nonpolar  hydrocarbon  components  are 
usually  predominant  in  the  saturated  paraffins  and  less  condensed 
naphthenes.  These  have  weak  intermolecular  forces.  Stronger  inter- 
molecular  forces  are  associated  with  the  highly  polar  hydrocarbon  com- 
ponents. These  are  the  highly  condensed  naphthenic  and  aromatic  ring 
structures  with  attached  functional  groups.  The  chemical  functional 
groups  which  are  associated  with  the  heteroatom  of  sulfur,  oxygen  and 
nitrogen  impart  polarity  and  functionality  to  the  asphalt  molecules 
[23].  Functionality  determines  how  the  molecules  will  interact  with  one 
another  and  with  molecules  of  other  materials  while  polarity  induces 
strong  molecular  interactions.  Thus  the  heteroatoms  combined  in  the 


functional  groups  have  a great  effect  on  the  physical  properties  an< 
differences  in  the  perforTance  of  asphalts  froT  different  sources 
[24].  Examples  of  some  of  the  more  important  functional  groups  whii 
are  an  integral  part  of  large  asphalt  molecules  are 


Naturally  Occurring 
Polynuclear  Aromatic 
Phenolic 

2 - Quinolone  Type 
Pyrrollc 
Pyridinic 
Sulfide 

Carboxylic  Acid 


Formed  i 


1 Oxidative  Aping 
Sul foxide 
Anhydride 
Carboxylic  Acid 


The  chemical  functionality  method  of  identifying  the  molecular 
action  Mithin  the  asphalt  molecule  itself  and  Hith  molecules  of  other 
materials  is  a relatively  new  and  potentially  productive  tool  in  the  in- 
vestigatioh  of  asphalt  chemistry  and  composition.  It  differs  from  the 
more  traditional  method  of  separating  an  asphalt  into  its  generic  con- 
stituents and  has  an  advantage  by  looting  at  an  asphalt  as  a whole. 
Moreover,  if  one  considers  the  differeht  chemical  functionalities  that 
comprise  and  dominate  the  properties  of  the  various  asphalt  molecules, 
the  nundier  of  types  of  functionalities  that  need  to  be  taken  into 
account  narrows  down  to  a manageable  number  [23].  This  will  be  seen 

2.5.4  Age  Hardening  and  Functional  Group  Analysis 

The  principal  cause  of  age  hardening  and  embrittlement  of  asphalt 
used  in  pavements,  is  the  atmospheric  oxidation  of  certain  asphalt 


nKi1eciil«s  with  Che  formetton  of  highly  polar  and  strongly  interacting 
chemical  functional  groups  containing  o)iygen  [20].  Thus,  the  ability  to 
Identify  and  quantify  asphalt  chemical  functionality  provides  an 
important  tool  for  assessing  the  effects  of  composition  on  asphalt 
properties  and,  thus,  the  performance  of  asphalts  in  service. 

From  a study  of  available  literature  on  the  subject  [22,  22,  2b, 

20,  27,  28],  the  following  facts  are  apparent: 

1.  het  changes  in  the  IR  absorption  spectra  can  be  a useful 
technique  for  following  relative  changes  in  the  level  of  asphalt 
oxidation. 

2.  Strong  absorption  at  1700  cm"'  results  primarily  from  the 
development  of  ketones  and  anhydrides,  the  major  functional  groups 
formed  from  hydrocarbon  oxidation  in  asphalts. 

3.  The  carbonyl  absorption  region  between  1600  cm*'  and  1900  cm*' 
would  be  of  particular  interest  since  it  contains  the  absorption  bands 
for  carboxylic  acids,  ketones  and  anhydrides.  Ketones  and  anhydrides 
are  formed  on  oxidative  aging  and  carboxylic  acids  occur  naturally  in 
the  asphalt  but  increase  on  oxidative  aging.  Together,  these  three 
functional  groups  are  the  most  significant  chemical  functionalities 
which  are  an  integral  part  of  large  asphalt  molecules  and  which  can  be 
related  to  oxidative  aging. 

From  the  literature,  it  was  seen  that  spectra  obtained  from  S 
vft/vol  percent  solutions  in  THF  exhibit  the  following  major 
characteri sties : 

1.  Free  carbonyl  absorption  of  acid  types  occurs  at  about  1730 
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2.  Free  carbonyl  absorption  of  2«pulno1one  types  occurs  at  about 
16S5  cm'*. 

3.  A broad  band  centering  at  about  1600  cm*^  results  primarily 
from  aromatic  carbon-carbon  double  bonds. 

t.  An  increase  in  the  level  of  oxidation  causes  an  increase  in 
carbonyl  absorption  of  carboxylic  acid  at  about  1730  cm"^. 

6.  An  increase  in  the  level  of  oxidation  causes  a significant 
increase  In  carbonyl  absorption  in  the  1700  cm"*  region,  which  is  due  to 
the  formation  of  ketones  and  anhydrides. 

Jt  is  also  noted  that  an  intense  band  at  1030  cm'*  results  from 
sulfoxides,  the  functional  group  nest  easily  formed  in  asphalt  on  oxi- 
dation [29].  However,  it  is  possible  that  greater  sulfoxide  absorption 
intensity  may  be  obsenved  for  specimens  recovered  from  the  pavement  than 
laboratory  oxidised  specimens,  probably  because  of  Infrared  absorption 
by  traces  of  finely  suspended  mineral  matter  present  in  the  asphalt 
after  recovery  from  the  pavement  [29]. 


2.6  Ultraviolet  Stress  in  Sunlight 
2.6.1  Ultraviolet  Spectrum 

European  weathering  literature  and  the  medical  profession  divide 
the  solar  UV  spectrum  into  three  ranges  [39].  UV-A  is  the  radiation 
with  wavelengths  between  400  nm  and  315  ran.  UV-B  has  wavelengths  in  the 
315  nm  to  290  ran  range.  UV-C  Includes  the  solar  radiation  with  wave- 
lengths below  290  nm,  which  never  reaches  the  earth's  surface. 

The  400  nm  uoper  limit  for  UV-A  is  the  generally  accepted  boundary 
between  visible  light  and  ultraviolet  light.  The  315  nm  boundary 
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between  the  UV-A  arid  uv-8  ranges  defines  tne  point  at  whitli  UV  energy 
begins  to  cause  adverse  effects  and  pigmentation  changes  In  the  human 
skin.  Sunburn  begins  to  occur  at  wavelengths  below  315  nnt  and  reaches  a 
peak  at  297  nm.  The  UV-C  boundary  of  290  nm  Is  a sharp  cutoff  of  solar 
radiation  at  the  earth's  surface  caused  by  oeone  absorption. 

2.6.2  Effects  of  Ultraviolet  Light 

The  quantum  theory  explains  the  different  effects  of  UV>A,  UV>0  and 
UV-C.  Light  energy  is  transmitted  in  discrete  units  called  photons. 
Photons  behave  much  like  tiny  projectiles  traveling  at  the  speed  of 
light.  The  size  of  a photon  or  the  energy  in  a photon  is  inversely 
proportional  to  its  wavelength-the  shorter  the  wavelength,  the  bigger 
the  photon.  Photochemical  reactions  are  caused  by  a single  photon  col- 
liding with  a single  electron.  If  the  photon  is  "big"  enough  (l.e., 
contains  more  energy  than  the  organic  bond  strength)  the  electron  is 
knocked  out  of  its  orbit  and  a reaction  occurs.  If  the  photon  is  not 
big  enough,  the  energy  of  collision  is  narmlessly  dissipated  and  no  re- 
action occurs.  For  each  type  of  chenlcal  bond,  there  is  a critical 
threshold  size  of  photon  (and  hence  a threshold  wavelength)  with  enough 
energy  to  cause  a reaction.  Light  of  any  wavelength  shorter  than  the 
threshold  wavelength  can  break  the  bond,  but  light  of  wavelengths  longer 
than  the  threshold  can  never  break  the  bond,  regardless  of  the  intensity 
(brightness)  of  the  light  [31]. 

The  sun  emits  radiation  with  wavelengths  well  below  242  nm,  The 
energy  of  photons  with  wavelengths  below  242  nm  Is  high  enough  to  disso- 
ciate oxygen  and  create  ozone.  Ozone,  in  turn,  is  a highly  effective  UV 
absorber,  absorbing  all  solar  radiation  below  290  nm,  so  that  energy  of 
such  wavelengths  never  reaches  the  earth's  surface  at  sea  level.  Ozone 


partially  absorbs  UV-B  so  that  the 


of  UV-B  in  sorilight  varies 


with  solar  altitude.  At  solar  altitudes  between  60  and  90  degrees,  the 
naximun  amounts  of  UV-B  reach  the  earth's  surface  and  the  sunlight 
cutoff  wavelength  is  approiimately  295  nm. 

2.6.3  Spectral  Energy  Distribution 

This  is  a general  tenr  for  the  characterization  of  the  amount  of 
radiation  present  at  each  wavelength.  Spectral  Energy  Distribution 
ISED)  can  be  expressed  in  terms  of  power  in  watts,  irradiance  in 
watts/sq.n,  or  energy  in  joules.  The  shape  of  the  SED  would  be  identi- 
cal in  all  of  these  units,  fluorescent  lamps  are  frequently  described 
by  relative  SEDs  which  show  the  amount  of  radiation  at  each  wavelength 
as  a percentage  of  the  amount  of  radiation  of  the  peak  wavelength. 
Figure  2.6  illustrates  a typical  relative  SED  of  a UV-B  lanp  [32]. 
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Figure  2.5  Typicel  Itelative  Spectral  Energy 
Distribution  of  DV-B  Lamp 


CHUPTEB  3 

EQUIPKENT  AND  FACILITIES 

This  chapter  describes  the  ultraviolet  chamber,  forced-draft  oven 
and  non-forced'draft  oven  nhich  Mere  used  to  provide  various  types  of 
aging  conditions  for  asphalt  specimens  in  this  study.  Thereafter,  the 
testing  equipment,  apparatus  and  facilities  utilized  for  the  strength, 
rheology  and  spectral  tests  are  described. 

3.1  Ultraviolet  Chamber 
3.1.1  Ultraviolet  Fluorescent  Sun  Lamps 

These  lamps  are  such  that  radiation  at  2SA  nrn  from  a low-pressure 
mercury  arc  is  transformed  to  light  of  lower  wavelengths  [predominatly 
UV  light)  by  a phosphor.  The  spectral  energy  distribution  of  a 
fluorescent  UV  lamp  is  determined  by  the  emission  spectrum  of  the 
phosphor  and  the  UV  transmission  of  the  glass  tube. 

Electrically,  these  lamps  are  the  same  as  ordinary  inch 
fluorescent  lamps,  but  their  output  is  quite  different.  The  UV  lamps 
produce  largely  UV,  with  little  energy  spent  In  the  production  of 
visible  light.  Since  the  photo-chemical  effectiveness  of  light 
Increases  with  decreasing  wavelengths.  uUra-violet  light  is  the 
controlling  factor  in  sunlight  deterioration.  Because  the  special  lamps 
produce  only  UV,  they  can  give  rapid  deterioration  despite  their  low 
wattage.  Furthermore,  the  lamps  suppress  UV  of  shorter  wavelengths  that 
are  not  found  in  natural  sunlight,  because  such  unnatural  energy  can 
cause  abnormal  deterioration. 
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The  UV  stress  obtained  with  the  fluorescent  sunlamp  emitting  UV*B 
is  comparable  to  noon  midsunmer  sunlight  on  a clear  day  and  such  lamps 
are  most  widely  used  for  simulating  the  damage  caused  by  outdoor 
sunlight. 

In  the  UV  chamber  fabricated  for  the  eiperlmentation,  40-watt 
fluorescent  UV-B  lamps  tUVB-313]  manufactured  by  the  Q-Panel  Company 
■ere  used.  The  lamps  were  48  inches  in  length  and  identical  to  the 
ordinary  40-watt  fluorescent  lamps.  The  peak  emission  of  the  lamps  is 
at  a wavelength  of  3T3  nm.  Host  of  the  output  is  in  the  UV-B  region, 
with  some  output  in  the  UV-A  region. 

3.1.2  Design  of  the  UV  Chamber 

The  chamber  was  fabricated  from  3/8  inch  plywood  in  the  shape  of  a 
trapezoidal  box  with  a 4'2‘  z 3'9"  rectangular  base  and  a height  of  1' 
10”,  external  dimensions.  The  two  sides  of  the  chamber  were  hinged  to 
permit  access  into  the  chamber  and  the  interiors  of  these  two  hinged 
sides  were  used  to  mount  four  lamp  assemblies,  each  assembly  carrying 
two  lamps.  The  roof  of  the  chamber  was  used  to  mount  one  more  lamp 
assembly  carrying  two  lamps.  Aluminum  sheeting  was  fixed  to  the  base  of 
the  chamber  in  order  to  prevent  staining  of  the  woodwork  and  to  Increase 
reflectance.  This  base  was  designed  to  receive  48  specimens  at  any  one 
time.  Insulation  stripping,  hooks,  chains  and  handles  were  provided. 

The  chamber  was  painted  white  on  both  the  exterior  and  interior.  Figure 
3.1  illustrates  the  chamber.  A picture  of  the  chamber  with  one  of  the 
sides  open  Is  shown  In  Figure  3.2. 

3.1.3  Lamp  Mounting  and  Potation 

Lamps  are  arranged  in  two  sets  of  four  lamps  each  on  the  Interior 
sides  of  the  chamber,  with  two  more  lamps  on  the  top  interior.  The  ten 
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UV-S  lamps  are  installed  1n  standard  fixtures  complete  with  electrical 
fittings  and  reflectors,  which  had  been  mounted  permanently  1n  the 
interior  of  the  chamber.  Since  fluorescent  lamps  are  diffuse  light 
sources,  this  arrangement  provides  uniform  Irradiation  of  the  test 
surface,  without  the  complications  of  a revolving  specimen  holder. 

Considering  that  the  manufacturer  recommended  lamp  life  is  HOC 
hours,  at  which  time  the  UV  lamps  supposedly  still  retain  6D  percent  of 
the  original  output,  it  is  necessary  to  replace  and  rotate  the  tubes 
periodically,  so  that  at  any  time,  the  output  inside  the  chamber  as  a 
whole  is  an  average  of  lamps  at  five  different  points  on  the  age/output 
curve.  This  Is  done  by  replacing  two  of  the  tubes  at  Intervals  of  360 
hours  and  rotating  the  position  of  the  rest  as  illustrated  in  Figure 
3.3.  This  results  in  an  1800  hour  life  for  each  lamp.  Such  periodic 
fractional  relamping  ensured  stable  UV  output  as  the  lamps  aged. 

3.1.«  Temperature  Cohtrol 

The  destructive  effects  of  UV  exposure  are  accelerated  when 
temperature  is  increased.  Although  temperature  does  not  affect  primary 
photochemical  reactions,  it  does  affect  secondary  reactions  involving 
the  by-products  of  the  primary  photoo/electron  collision. 

It  is  therefore  necessary  to  provide  accurate  control  of  UV 
exposure  temperature.  A typical  temperature  condition  of  60*  C (140*  F) 
was  considered  appropriate.  To  maintain  this  level  of  temperature,  a 
thermostat  was  Installed  with  the  sensor  located  at  midpoint  of  the 
sample  area.  Heating  arrangement  consisted  of  three  lamps  mounted  on 
one  vertical  endside  of  the  chamber.  One  of  the  lamps  was  an  Infrared 
heatlamp  (Warm  Up),  manufactured  by  General  Electric  Company.  The  other 
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Rotation  of  Lamps  in  UV  Chamber 
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two  lamps  were  plant  lights  (Gro  ana  Sho  150  watt  bulbs),  also 
manufactured  by  General  Electric  Ccrtiany.  Circulation  of  heat  was 
improved  by  a fan  installed  at  the  opposite  end  of  the  chamber.  A dunmy 
specimen  instrumented  with  thermisters  was  used  to  monitor  specimen  tem- 
perature. 

it  is  seen  that  once  a steady  state  temperature  condition  is 
reached,  the  heating  arrangement  is  seldom  activated,  the  chamber 
temperature  remaining  steady  at  60*  C (140*  F)  with  all  UV-B  lamps 
lighted  and  the  fan  constantly  running. 

3.1.5  Positions  of  Specimens 

The  exposure  area  at  the  base  of  the  chamber  can  be  divided  into 
three  exposure  tones,  one  corresponding  to  the  area  directly  beneath  the 
two  top  tubes  and  the  other  two  corresponding  to  the  two  adjacent  sides 
which  lie  beneath  the  two  sides  of  the  chamber  carrying  the  remaining 
lamps.  It  is  probable  that  the  intensity  of  radiance  may  be  different 
in  the  middle  zone  as  compared  to  that  in  the  outer  zones.  It  is  also 
probable  that  the  irradiance  inside  the  chamber  may  be  affected  by  the 
heating  lamps  positioned  to  one  side  of  the  chamber,  thereby  creating  a 
bias  towards  one  side  of  the  chanAer. 

In  order  to  ensure  a certain  uniformity  in  exposure  conditions,  the 
utflizable  base  area  of  the  chamber  is  gridded  as  shown  by  Figure  3.4. 
Two  columns  of  the  grid  are  used  to  accomodate  specimens  for  one 
duration  of  exposure  and  thus  the  eight  columns  cater  for  four  exposure 
durations.  The  space  for  90  day  duration  is  located  nearest  the  fan  and 
the  1 day  duration  nearest  the  heating  lamps.  Intermediate  locations, 
in  that  order,  are  alloted  to  28  day  and  7 day  durations. 


*The  nunbers  represent  the  PUferent  ecpcsiire  Puretions  in  deys. 


Figure  3,4  Plan  of  Ultraviolet  Chamber  Showing  Locations  of 
Samples  of  Different  Siposure  Durations 


Hithin  the  location  for  a particular  duration  of  eKOOsure,  twelve 
grid  positions  are  available.  With  three  replicate  specimens  for  each 
asphalt  type.  It  Is  possible  to  slmultaneoLisly  eapose  specimens 
fabricated  from  four  different  asphalt  types.  The  distribution  of 
specimens  by  asphalt  types  Is  done  In  a deliberate  manner  such  that  one 
replicate  specimen  is  positioned  In  each  zone  (one  In  the  middle  zone 
and  one  each  In  the  two  outer  zones).  The  positioning  arrangement  Is 
further  refined  by  ensuring  that  (a)  In  the  two  outer  zones,  one 
replicate  specimen  Is  placed  nearer  to  the  middle  In  one  zone  while 
another  replicate  is  placed  farthest  from  the  middle  in  the  other  zone; 
(b)  the  two  positions  within  one  zone  are  crossed  over;  (c)  In  the 
middle  zone,  specimens  are  moved  around  In  a counterclockwise  manner. 

Serial  (a)  neutralizes  the  bias  created  by  proilmity  of  the  UV 
lamps.  Serials  (b)  and  (c)  attempt  to  neutralize  the  bles  created  py 
the  heating  lamps  on  one  side  of  the  chamber. 

Figure  3.5  Illustrates  the  actual  positions  of  the  Marshall 
specimens  for  all  the  asphalts  tested. 

In  order  to  cut  time  of  running  of  the  chamber,  90  day  specimens 
were  esppsed  for  60  days  at  the  IpcatlohS  Indicated  and,  thereafter, 
moved  to  the  28  day  location  where  the  specimen  remained  for  IS  days  and 
than  moved  to  the  7 day  location  for  the  final  15  days  of  eiposure. 

This  movement  enabled  vacation  of  the  90  day  location  at  an  earlier 
Instant,  so  that  the  next  batch  of  specimens  could  be 


inducted  sooner. 
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Figure  3.5  Positions  of  Specimens  In  Ultpaviolet  Chember 


3.2  Forced 


A standard  laooratory  o*en  of  approximately  2 cubic  feet  capacity 
Mas  modified  to  enable  air  flow  through  the  oven,  This  Mas  done  by  pro- 
viding a large  inlet  port  on  one  side  of  the  oven  and  a small  exit  port 
on  the  top  of  the  oven.  These  two  ports  were  connected  externally  by 
flexible  aluminium  ducting,  A 375  cfm  air  booster  was  placed  external 
to  the  oven,  in  the  duct  line,  adjacent  to  the  inlet  port.  Some  air 
vents  were  provided  on  the  duct  so  as  to  include  a small  amount  of  fresh 
air  in  the  recycled  flow.  The  oven  temperature  was  maintained  at  60°  C 
(ltO°  F)  with  the  help  of  a thermostat  switch  and  sensor.  Figure  3.6 
depicts  the  oven. 


3.3  Conventional  Ovens 

Standard  laboratory  ovens  with  over-temperature  protection  were 
used  to  age  the  specimens  at  a stable  temperature  of  60*  (140*  F], 
Thermometers  were  installed  and  the  temperature  was  monitored  regularly. 

3.4  Strength  Tests 

The  MTS  electro-hydraulic  closed  loop  testing  machine  was  used  for 
the  resilient  modulus,  indirect  tensile  and  fracture  energy  testing. 

See  Figure  3.7.  The  machine  consisted  mainly  of  a control  unit,  load 
frame,  load  cell,  servovalve  and  hydraulic  power  supply.  Two  stainless 
steel  loading  strips  12.7  m (1/2  in.)  wide  were  used  to  apply  the  load 
to  the  specimen  as  shown  in  Figure  3.8.  The  loading  strips  were  curved 
at  the  interface  with  the  specimen  with  a radius  of  51  nm  (2  in,].  Two 
guide  rods  were  used  to  prevent  any  eccentricity  in  loading.  The 
horizontal  deformations  of  the  specimen  were  measured  by  two  identical 
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Figure  3-7  Picture  of  HTS  hachine 
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figure  3.6  Picture  of  Loading  Arrangecient 


Lfnear  Variable  Differential  Transformers  [LVDTs)  mounted  on  ooposite 
sides  of  tbe  specimen.  The  outout  vo1ta9es  of  the  two  LVOTs  were 
connected  in  series  to  obtain  one  output  representing  the  sum  of  the  two 
voltages.  The  output  voltages  of  the  LVDTs  and  the  load  cell  were 
calibrated  and  connected  to  a mu1ti>channe1  drum  chart  recorder. 

3.5  Constant  Stress  Rheometer  Test 

A Cannon  Schweyer  Constant  Stress  Rheometer  was  used  in  this  study 
(see  figure  3.9).  A schematic  of  the  test  set-up  is  shown  in  Figure 
3.10. 

The  apparatus  consists  of  a nitrogen  gas  operated  pnuematic 
cylinder  which  applied  a specific  force  to  the  plunger  in  the  sample 
tube.  A LVOT  measured  the  movement  of  the  plunger  and  the  output 
voltage  was  digitized  and  acquired  by  a data  analysis  system  developed 
by  Tia  and  Ruth  (unpublished).  The  data  system  was  operated  on  a I6H 
9000  Mini  series  computing  device  (see  Figure  3.U). 

The  plunger  force  is  set  by  adjusting  the  pressure  of  the  nitrogen 
gas  entering  the  cylinder,  which  is  read  by  one  of  the  two  pressure 
gages.  The  sample  tube  is  inserted  into  an  insulated  aluminium  block 
which  1$  maintained  at  the  test  temperature  using  coolant  from  a 
refrigeration  unit  in  combination  with  an  electrical  wire  heater. 

3.6  Infrared  Spectroscopic  Test 
3.6.1  The  Testing  System 

The  infrared  spectroscopy  tests  were  run  on  a hicolet  60  SX 
research-grade  Fourier  Transform  Infrared  Spectrophotometer  System  in 
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Figure  3.11  Picture  of  IBM  9000  Mini  Computer 


Florida.  The  aysiem  offers  a resolution  of  0.?5  throughout  the 
standard  range  of  5.000  ~ 400  The  coaiporients  are  arranged  Into 

two  main  groups:  the  data  acgulsltlon  system  Including  the  computer, 
disk  drives,  and  terminal,  and  the  spectrometer  including  the  optical 
bench  and  washer  control.  Figure  3.12  depicts  a typical  60  SX  system 
configuration.  Figure  3.13  illustrates  the  system  which  was  used. 

3.6.2  Fourier  Transform  Infrared  Spectroscopy  [33] 

The  Fourier  Transform  Infrared  (FTIR)  spectrometer  essentially 
comprises  of  two  parts: 

1,  an  optical  system  which  uses  an  interferometer. 

2.  a dedicated  computer. 

The  computer  controls  the  optical  components,  collects  and  stores 
data,  performs  computations  on  data  and  displays  the  needed  spectra. 

The  use  of  a dedicated  computer  with  a spectrometer  has  certain 
advantages.  However,  the  major  advantages  of  an  FTIR  spectrometer 
result  from  the  use  of  an  interferometer  rather  than  a grating  or  prism 
of  a conventional  IR  spectrometer, 

Hajor  distinctions  between  FTIR  spectrometers  are  based  on  the 
design  of  the  interferometer  and  the  manner  in  which  the  interferometer 
is  operated.  It  may  be  operated  by  scanning  in  a discontinuous,  step- 
wise manner  (step  scan  interferometer),  a slow  continuous  manner  with 
chopping  of  the  infrared  beam  (slow  scanning),  or  rapidly  without 
chopping  of  tne  infrared  beam.  The  rapid  scanning  Fourier  transform 
spectrometer  with  a Hichelson  interferometer  seems  to  have  emerged  as 
the  most  practical  form  of  FTIR  spectrometer  for  commercial  development 
and  widespread  application  to  chemical  problems  in  all  regions  of  the 


infrared  spectrum. 
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Figure  3.13 


Picture  of  FTIP.  Systen  Used 


■6.3  Sratinq  Spectrawter  Optical  System 


Figure  3.14  show?  the  essential  components  of  one  configuration  of 
a single-bean  grating  spectroneter  for  comparison  with  the  FTIR 
Instrument.  Light  from  the  infrared  source  1s  focussed  through  the 
sample  and  onto  the  entrjr  slit,  which  is  at  the  focus  of  a collimating 
mirror.  The  collimated  beam  is  dispersed  by  the  grating,  and  light  of  a 
selected  narrow  frequency  band  Is  directed  through  the  e«1t  slit  and 
chopper  to  the  detector,  A calibrated  mechanical  linkage  to  the  grating 
provides  a readout  of  frequency  or  wavelength  and  a direct  plot  of 
detector  response  versus  wavelength  Is  obtained. 

3.6.4  Fourier  Transform  Infrared  Spectrometer  Optical  System 

A schematic  diagram  of  the  essential  components  of  a rapid  scanning 
Fourier  transform  spectrometer  Is  given  In  Figure  3.15.  The  light  from 
an  Infrared  source  Is  collimated  and  sent  to  the  beam  splitter  of  a 
Kichelson  interferometer.  The  beam  Is  divided,  part  going  to  the  moving 
mirror  and  part  to  the  fixed  mirror.  The  return  beams  recombine  at  the 
beam  splitter  undergoing  interference.  The  reconstructed  beam  is  then 
directed  through  the  sample  and  focussed  onto  the  detector.  The  motion 
of  the  mirror  results  In  a signal  at  the  detector  which,  for  a given 
wavelength  A,  varies  sinusoidally  with  a frequency  f.  A laser  beam, 
undergoing  the  same  change  of  optical  path  as  the  Infrared  beam,  serves 
to  reference  that  position  of  the  mirror  during  the  scan  and  Initiates 
the  collection  of  data  points  from  the  signal  of  the  infrared  detector 
at  uniform  levels  of  mirror  travel.  The  data  points  are  digitized  by  an 
analog-to-dlgital  converter  and  stored  In  a computer  memory.  The  result 
Is  an  Interferogram,  l.e.,  a record  of  the  signal  of  the  Infrared 
detector  as  a function  of  the  difference  In  path  (retardation]  for  the 
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two  beams  In  the  Interferometer,  The  Interferometer  scans  are  generally 
taken  quite  raoldly  [a  few  seconds  each)  to  avoid  extensive  signal 
averaging  before  digitization.  Data  from  additional  scans  can  be  co- 
added to  the  data  stored  In  computer  memory  to  Improve  the  slgnal-to- 
nolse  ratio  of  the  interferogram. 

The  averaged  interferogram  Is  prepared  for  computation  and  a 
Fourier  transformation  Is  performed  on  the  i nterferogram  using  a fast 
Fourier  transform  algorithm.  The  Fourier  transform  converts  the  signal 
as  a function  of  retardation  to  a signal  as  a function  of  frequency. 

3.5.5  advantages  of  Fourier  Transform  Infrared  Spectroscopy 

FTIR  spectroscopy  offers  significant  advantages  as  compared  to 
conventional  dispersion  Infrared  spectroscopy,  namely: 

1.  Higher  signal-to-nolse  ratios  for  spectra  obtained  under 
conditions  of  equal  measurement  time. 

2.  Higher  accuracy  in  frequency  for  spectra  taken  over  a wide 
range  of  frequencies.  The  signa1-tD-nolse  advantage  Is  a 
consequence  both  of  the  concurrent  measurement  of  the 
detector  signal  for  all  resolution  elements  of  the  spectrum 
and  of  the  high  optical  throughput  of  the  FTIR 
spectrometer.  The  Improvement  in  frequency  accuracy  of  the 
FTIR  spectrometer  is  a consequence  of  the  use  of  a laser 
which  references  the  measurements  made  by  the  I hterferometer. 

3.  Convenient  data  handling  and  plotting  of  data. 

4.  Simplicity  of  the  optical  system. 

3.6.6  Sealed  Cells 

Liquids  are  examined  for  their  spectra!  characteristics  in  sealed 
cells.  These  cells  for  handling  solutions  vary  in  thickness  from  O.lnm 


SB 

to  lim,  ttie  thickness  representing  tne  patn  length  through  the  film  of 
solution  held  between  two  crystal  windows.  The  crystal  windows  are 
generally  constructed  of  optical  grade  Sodium  Chloride  (NaCI)  or 
Potassium  Bromide  (KBr), 

In  the  initial  stages  of  this  study,  Perkln-Elmer  O.Idiu  NaCI  cells 
were  used.  It  was  found  that  the  absorbance  values  and  the  s1gnal-to- 
noise  ratio  were  low.  To  improve  the  quality  of  the  spectra,  a Spectra 
Tech  l.Omm  NaCI  cell  was  procured  and  adopted  for  use.  The  tenfold 
increase  in  path  length  resulted  in  higher  absorbance  values  and  a high 
signal-to-noise  ratio.  Figure  3,16  shows  the  two  types  of  sealed  cells. 
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F1gure-J,16  Picture  of  Sealed  Cells, 
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CHAPTER  t 

MATERIALS  AND  LABORATORY  PROCEOURES 


It  Includes  a description  of  the  properties  of  asphalts  and  aggregates 
used,  the  fabrication  of  Marshall  speclinens,  the  various  laboratory 
aging  conditions,  the  tests  on  Marshall  specimens  and  the  tests  on  the 
aged  asphalt  residues.  The  randomitation  process  in  assigncnent  of 
treatments  to  the  laboratory-controlled  samples  is  also  presented. 


4.1  Materials 

4.1.1  Asphalts 

Eleven  different  asphalts  covering  a broad  spectrum  of  sources  and 
types  were  selected  and  used  In  the  testing  program.  The  asphalts 


2.  Chevron 


5.  Belcher 
B.  Texaco  Airblown 
7.  Texaco 


AC-30 
AC-30 
AC-30 
AC- 30 


BS-IOO  pen. 
2S-3S  pen. 

60 


Esso  Noli 
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10.  Chevron  AC-20 

11.  Chevron  AC-20  >itth  101  Modifier 

4.1.2  Aggregates 

The  aggregates  used  were  obtained  fron  V.E.  Uhitehurst  and  Sons, 
Inc.  In  Gainesville.  Table  4.1  lists  the  aggregate  types  and  blends 
used,  as  «e11  as  the  Job  nix  formula  and  the  specification  range  for  the 
S-1  mix. 

4.1.3  Marshall  Specimens 

Of  tne  11  asphalts  chosen,  10  were  identified  as  being  of 
sufficient  interest  to  warrant  closer  study  and  consequently  each  of 
these  asphalts  was  used  to  make  Florida  Type  S-1  asphalt  concrete  nixes 
and  Marshall  specimens  were  fabricated  from  these  mixes.  A total  of  540 
Marshall  specimehs  were  fabricated,  60  specimens  of  each  asphalt  type 
for  the  asphalts  at  serials  (1)  to  (9]  above  (with  the  exception  of 
Marathon  AC-30)  and  30  specimens  each  of  serials  (10)  and  (11). 

Corresponding  to  each  asphalt  type,  the  blended  aggregate  was 
checked  for  gradation.  This  was  done  by  randomly  selecting  a pan  of  the 
aggregate  blend  and  carrying  out  a washed  sieve  analysis,  results  of 
which  are  shown  in  Table  4.2. 

Maximum  specific  gravity  by  the  Rice  Method  was  determined  on 
randomly  selected  nixes.  One  determination  was  done  per  asphalt  type. 
For  the  four  AC-30  asphalts,  the  average  of  four  Rice  tests  was  used  as 
the  maximum  specific  gravity.  For  the  three  85-100  asphalts,  the 
average  of  three  Rice  tests  was  taken,  and  for  the  two  AC-20  asphalts, 
the  average  of  two  tests  was  taken.  For  the  Esso  Nolan  25-35  pen 
asphalt,  the  result  specific  to  this  hard  asphalt  was  taken,  in  view  of 


Table  4.1  Source  of  Materials  and  Job  Mix  Fomula  for 
Asphalt  Concrete  Mix 


Material  Material 

Number  Typs  Producer 


467  Stone 
189  Stone 
4140  Screenings 
Local  Sand 


Florida  Pock  Industries 
Florida  Rock  Industries 
Florida  Rock  Industries 
Whitehurst  Construction  Co. 


34-106 
34-106 
34-106 
Al achua. 


Percentage  by  Weight  of  Total  Aggregate  Passing  Sieves 


Blend  36.61  24.61  261  251  Job  Mix  Specification 


No.  1234  Formula  Range  for  S-1  Mix 


3/4  100  100 
1/2  73.70  100 
3/8  36.60  99.43 
44  2.30  4 5.50 
410  1.37  10.82 
440  1.31  4.75 
480  1.23  4.03 
4200  1.06  3.41 
Sp6r  2.42  2.40 


100  100  100 

100  100  92.79 

100  100  83.67 

94.64  99.50  60.28 

63.37  99.10  43.58 

25.44  77.50  27.23 

10.18  15.00  7.60 

4.93  1.97  2.83 

2.54  2.57  2.483 


Table  4.2  Washed  Sieve  Analysis  of  Aggregate  81end 


Seive  _ 

Size  1 2 


Percent  Passing 


Job 

Formula 


3/4  100  100  100  100  100  100  100  100  100  100 

1/2  87.72  53.01  95.15  92.55  95.34  90.84  92.80  92.56  96.52  92.79 

3/8  79.32  81.13  84.38  83.69  85.99  79.83  83.83  82.90  87.04  83.67 

14  58.90  61.29  62.46  57.15  63.05  56.54  57.02  62.92  59.51  50.28 

»10  43.95  44.93  44.73  41.56  45.36  40.81  42.03  47.00  44.34  43.58 

#40  27.94  28.76  29.08  26.37  27.82  25.04  26.42  30.50  29.17  27.23 

180  8.07  9.47  9.12  7.85  8.03  7.56  8.08  10.21  10.59  7.60 

#200  3.09  3.6  3.80  3.52  3.08  2.81  3.15  4.92  5.68  2.83 
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fts  uniqueness.  Table  4.3  sunnarizes  the  tnavimum  Specific  Gravities 
CetemlneC  anc  those  adopted. 

Mixtures  were  prepared  using  the  aggregate  gradation  above  with  an 
asphalt  content  of  6.6  percent  and  contacted  by  the  50>b1ow  Marshall 
compaction  method.  Table  4.4  gives  average  values  and  standard 
deviations  of  unit  weight  and  air  void  content  for  the  different 
mixtures.  Table  A«1  In  the  Appendix  presents  the  test  values  for  a11 
specimens. 


4,2  Laboratory  Procedures 

4.2.1  Laboratory  Aqlnq  Conditions 

The  compacted  asphalt  mix  specimens  were  subjected  to  the  following 
aging  conditions: 

1.  Aging  In  normal  oven  at  140*  F for  duration  of  1,  7,  28  and  90 

2.  Aging  In  forced-draft  oven  at  140*  F for  durations  of  1.  7,  28 
and  90  days  (except  for  Chevron  AC-20  and  Chevron  Modified). 

3.  Aging  In  ultraviolet  chaittier  at  140*  F for  durations  of  1,  7, 

4.  Aging  In  natural  weather  conditions  on  the  roof  for  durations 
of  6 months.  1 year,  2 years  and  3 years  (except  for  Chevron  AC-20  and 
Chevron  Modi  fled). 

Three  replicate  specimens  were  made  for  each  condition  thus 
accounting  for  the  540  specimens  fabricated. 

4.2.2  Randomization  In  Assignment  of  Treatments 

The  assignment  of  specimens  to  different  groups  [to  be  used  for 
different  exposure  conditions]  was  done  In  such  a way  that  the  average 


Table 


Kaxiimint  SpeciTic  Gravities  of  Hlxtores 


Maxlmun  Soecific 

Mixture  Gravity 

Anoco  AC-30  2.294 

Chevron  AC-30  2.336 

Belcher  AC-30  2.320 

Nariani  AC-30  2.264 

Average  2.309 


Texaco  65-100  pen  2.324 
Texaco  AirOlflwn  85-100  pen  2.313 
Boscan  65-100  pen  2.307 
Average  2.315 


Esso  25-35  pen  2.322 


Chevron  AC-20  2.296 
Chevron  AC-20  Modified  2.261 
Average  2.289 


of  MarsHall  Specln 
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Asphalt  Typo 


Average  Standard 


(pet)  (pef) 


(t) 


Standard 


Deviation 

(*) 


Harlanl  AC-30  136.71 
Amoco  AC-30  136.84 
Belcher  AC-30  136.66 
Chevron  AC-30  136.52 
Teuco  SS-100  pen  137.81 

Texaco  AirbloHn 

85-100  pen  137.30 

Boscan  86-100  pen  136.54 
Esso  25-35  pen  136.50 
Chevron  AC-20  137.21 
Chevron  AC-20  Hod  137.53 


0.79  5.09  0.55 
0.44  5.00  0.30 
0.65  5.21  0.38 
0.53  5.23  0.37 
0.60  5.26  0.36 

0.60  4.94  0.41 
0.49  5.47  0.34 
0.45  5.79  0.31 
0.60  3.94  0.42 
0.65  3.71  0.45 


density  of  the  specimens  for  the  sane  asphalt  type  was  approximately  the 
sane.  This  was  done  so  that  the  effects  of  different  aging  environments 
would  not  be  obliterated  by  the  effects  of  different  air  voids.  The 
assignment  of  groups  and  subgroups  to  respective  conditions  and  dura- 
tions of  exposure  was  done  in  a completely  random  manner.  Table  A-2  in 
the  Appendix  presents  the  assignment  of  specimens  along  with  the  average 
values  of  unit  weight  for  every  triplicate  set  assigned. 

A. 2. 3 Tests  on  Marshall  Specimens 

Tests  were  run  on  the  aged  Marshall  specimens  to  determine  their  re 
silient  moduli  and  fracture  energy.  These  tests  were  restricted  to  four 
asphalts,  i.e.  Amoco  AC-3D,  Mariani  AC-30,  Chevron  AC-20  and  Chevron  AC 
20  Modified.  Specimens  corresponding  to  the  Amoco  and  Mariani  asphalts 
were  aged  for  0,  7,  26  and  90  days.  Specimens  corresponding  to  Chevron 
and  Chevron  Modified  were  aged  for  0,  28  and  90  days,  aging  conditions 
being  normal  oven  and  ultraviolet  chamber  only.  This  abridgement  of 
scope  was  necessary  considering  the  available  resources. 

Indirect  tensile  tests  were  run  on  all  the  aged  Marshall  specimens. 
A. 2. A Tests  on  Asphalt  Residues 

The  asphalt  residues  were  recovered  from  the  aged  samples  and  the 
following  tests  conducted  on  them: 

1.  Absolute  Viscosity  at  lAO**  F (60°  C) 

2.  Penetration  at  77°  F (25'  C) 

3.  Infrared  spectral  analysis 

A.  Schweyer  Rheometer  at  59'  F (15'  C)  and  77°  F (25'  C). 

A. 2. 5 Resilient  Modulus  Test 

A, 2, 5.1  General . A linear  elastic  layered  model  reQuires  two 
material  properties  as  input  parameters  which  are  the  elastic  modulus  E 


Psissofl'! 


connioii  'Idealized"  E 


model  is  the  reetllent  modulus  The  resilient  modulus  1s  defined  as 
the  ratio  of  the  applied  stress  to  the  recoverable  strain  when  a 
repeated  dynamic  toad  Is  applied.  It  can  be  expressed  as 


where  b ■ Applied  stress 

• Recoverable  strain 

Basically,  the  test  method  involves  application  of  pulse  loads  of 
relatively  short  duration  of  time  and  recording  the  instantaneous  defor- 
mation using  strain  gages  or  linear  variable  differential  transformers 
(LVDTs).  The  resilient  moduli  are  then  calculated  from  the  stresses  in- 
duced and  resultant  strains.  In  essence,  the  resilient  modulus  is  the 
instantaneous  elastic  modulus  of  a viscoelastic  material. 

A simple  diametral  compression  test  procedure  to  detennine  the  re- 
silient modulus  of  asphaltic  concrete  was  developed  by  Schmidt  [34].  In 
this  method,  standard  Marshall  specimens  were  used  and  a pulsating  load 
of  0.1  second  duration  was  applied  every  3 seconds,  and  the  corres- 
ponding horizontal  deformation  measured.  Derivation  of  an  expression 
for  calculating  Kg  from  the  applied  load  and  the  Induced  deformation  is 
based  on  the  analytical  work  of  Timoshenko  and  Goodier  [35]  on  an 
elastic  thin  disk.  By  assuming  the  specimen  to  be  linearly  elastic  and 
in  a plane  stress  condition.  Schmidt  [34]  derived  the  following 
relationship  between  of  the  specimen  and  the  induced  horizontal 
deformation  d^. 


P(u  ♦ i - l)/t 


(4.2) 


Appited  !oad 
Poisson's  POt 


t “ Thickness  of  specimen 

The  procedure  has  been  standardized  in  ASTK  D4123-82  and  recommends 
the  application  of  compressive  loads  xith  a haversine  or  suitable  wave 
form.  The  Toad  is  applied  vertically  in  the  vertical  diametral  plane  of 
a cyliorical  specimen  through  a loading  strip  of  1/2  inch  width.  The 
resulting  horizontal  deformation  of  the  specimen  is  measured  and,  with 
an  assumed  Poisson's  ratio,  is  used  to  calculate  a resilient  modulus. 

Interpretation  of  the  deformation  data  has  resulted  in  two  resil> 
lent  modulus  values  being  used.  The  instantaneous  resilient  modulus  is 
calculated  using  the  recoverable  deformation  that  occurs  instantaneously 
during  the  unloading  portion  of  one  cycle.  The  total  resilient  modulus 
is  calculated  using  the  total  recoverable  deformation  which  includes 
both  the  Instantaneous  and  recoverable  and  the  time-dependent  continuing 
recoverable  deformation  during  the  unloading  and  rest-period  portion  of 

The  resilient  moduli  can  be  calculated  by  the  expressions: 

"rI-Mur,  r0.27)/td„  (4.3) 

lip^  ■ P(u^^  ♦ 0.27)/tdj^  (4.4) 

where 

* instantaneous  resilient  modulus  of  elasticity,  psi 
(or  MPa), 

Kpy  ■ total  resilient  modulus  of  elasticity,  psi  (or 


Inslantanesiis  resilient  Polsssn’s 


r total  resilient  Poisson's  ratio. 

P ■ repeated  load,  Ibf  (or  N). 
t ■ thicVness  of  specimen,  in  (or  ran}, 
d^l  ” instantaneous  recoverable  horizontal  deformation,  in 
(or  mm), 

dpj  * total  recoverable  horizontal  deformation,  in  (or  inm} 

A value  of  0.35  for  Poisson's  ratio  has  been  found  to  be  reasonable 
for  asphalt  mixtures  at  77*  F (Z5°  C)  [34],  This  is  also  stated  in  ASTH 
D41Z3-eZ. 

The  diametral  resilient  modulus  test  used  in  this  study  was 
essentially  the  one  proposed  by  Schmidt  [34}  and  later  standardized  in 
ASTP  04133-83,  the  horizontal  deformation  being  used  to  calculate  tne 
resilient  modulus  of  the  test  specimen.  Tia  [36]  presents  a 
comprehensive  study  of  the  theoretical  background  for  this  test. 

4. 3. 5.1  Theoretical  Background.  In  the  diametral  resilient  modulus 
test,  dynamic  pulse  loads  are  applied  dianetraily  to  the  Marshall  size 
specimens,  and  the  induced  vertical  and  horizontal  deformations  are  re- 
corded and  used  to  calculate  the  resilient  moduli.  The  test  is  based  on 
the  assune>tion  that  the  specimen  behaves  as  a linear  elastic  material 
under  dynamic  loads.  Timoshenko  and  Soodier  [35]  and  Frocht  [37]  had 
analyzed  the  stresses  in  an  elastic  circular  disk  subjected  to  a 
diametral  loading  condition.  Based  on  their  works,  Schmidt  [34]  derived 
the  relationship  between  the  resilient  modulus  and  the  Induced  horizon- 
tal deformation  of  the  specimen. 
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Hondros  [3S]  analyzed  the  stresses  In  a circular  disk  loaded 
through  a short  strip.  The  stress  coniponents  and  notations  are  lllus* 
trated  in  Figure  4,1,  his  equation  for  the  stresses  along  the 
horizontal  dianeter  is 


. .JE  [_il 


(1  ♦ 2r^/R^  cos  2o 

11  - r^R^  . 


1*.5) 


(*.6) 


According  to  the  elastic  stress-strain  relationship,  the  strains 
along  the  horizontal  diameter  can  be  expressed  as 

=ex  - “"rx’ 

'rx  'f'^nx  - “%>  '*-9> 

The  total  horizontal  displacement  d^  is  the  integration  of  the 
horizontal  strains  along  the  horizontal  diameter  and  can  be  expressed  as 


(4.10) 
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Cnnpiinents  In  a Circular 
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A complete  expression  for  du  can  be  obtained  by  subscitutinp 
Equation  4.3  and  4.S  into  4.9,  whicb  is  then  substituted  into  Equation 


For  a specimen  diameter  of  4 Inches  and  width  of  loading  strip  of 
1/2  inch,  the  following  relationships  can  be  established 


0 ■ .124  radian  [7.L2S  degrees) 
2P 

F [1  Inch)  t 


(4.11) 

(4.12) 


The  expression  In  Integral  form  for  d^,  using  these  values  fora  and 
p,  can  be  solved  by  the  method  of  Incremental  sunmatlons , yielding 


The  elastic  modulus  can  then  be  expressed  as 

which  is  the  sane  as  the  expression  used  by  Schmidt  [34}. 

4. 2. 5. 2 Experinental  Procedure.  The  procedure  for  the  resilient 
modulus  test  consisted  of  the  following  steps: 

1.  The  height  of  the  specimen  was  measured  and  then  the  specimen 
was  left  In  a temperature  controlled  roan  for  at  least  12  hours  so  as  to 
stabilize  at  77*  F (25*  C).  A dummy  specimen  with  a thermister  inserted 
inside  was  placed  In  the  same  condition  as  that  of  the  test  specimens 
and  used  to  measure  the  test  temperature  of  the  test  specimens  }ust  be- 
fore the  test.  The  test  temperature  in  this  case  was  77*  F (25*  C). 
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2.  The  speclnen  was  placed  In  the  resIHent  leodLiliis  test  equip- 
ment, care  being  taken  tP  ensure  that  the  specimen  was  well  centered  in 
the  testing  apparatus  and  the  t«o  LDVTs  on  either  side  bore  firmV  on 
the  sides  of  the  specimen.  The  top  loading  strip  xas  brought  down  care- 
fully and  adjusted  in  position  such  that  it  no  more  than  Just  touched 
the  specimen. 

3.  A pulsating  haversine  load  of  100  lbs  was  then  applied  every 
one  second  i.e.,  at  a loading  frequency  of  1.0  Kz,  with  a duration  of 
0.1  second.  This  was  done  10  times  to  precondition  the  specimen.  The 
level  of  load  and  number  of  repetitions  were  decided  upon  after  pre- 
liminary trial  runs,  checking  to  see  that  the  resilient  deformations 
■ere  stable.  Thereafter,  10  haversine  pulse  loads  of  700  lbs.  were 
applied  at  a loading  frequency  of  1.0  Hz  with  a duration  of  0.1  second. 
The  level  of  load  was  decided  so  as  to  induce  approximately  10  to  15 
percent  of  the  tensile  strength  as  determined  from  a destructive  test. 

4.  Loads  were  measured  with  an  electronic  load  cell  and  the  hori- 
zontal deformations  measured  by  the  two  LVDTs.  Both  load  and  deforma- 
tion were  plotted  on  the  chart  recorder.  A typical  load-pulse  deforma- 
tion trace  is  shown  in  Figure  4.7  along  with  notations  indicating  load- 
time terminology. 

5.  During  the  load  apolicatlon,  the  changes  in  the  output  voltages 
of  the  LVDTs  were  converted  to  movements  of  the  recording  pens.  The 
sensitivities  of  the  recorder  channels  and  the  positions  of  the  pens 

the  chart.  The  speed  of  chart 


adjusted  to  obtain  recordings  within 
rent  was  set  at  0,8  in/sec  (7cn/sec). 


HORIZONTAL  DEFORMATION 

RECOVERABLE  INSTANTANEOUS 


JfciLJLJUL 


LOAD  PULSES  {1  cyele/sec) 


Figure  4.2  Typical 
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6.  After  tfie  deformattons  for  the  10  pulse  loads  were  taken,  the 
loading  cycle  was  stopped.  The  specimen  was  rotated  by  90  degrees  and 

found  between  deformation  values  for  the  two  positions,  the  specimen  was 
tested  at  a third  position  and  the  unreasonable  results  were  discarded. 

least  three  loading  cycles  after  the  repeated  resilient  deformation 
became  stable.  The  average  values  were  used  for  the  calculation  of  the 
resilient  moduli. 

4.?. 6 Indirect  Tensile  Test 

4. 2. 6.1  General . The  indirect  tensile  test  was  developed  in  Braail 
[39]  and  independently  In  Japan  [40].  In  this  test,  cylindrical  sped* 
mens  are  failed  by  applying  compressive  loads  along  a diametral  plane 
through  two  opposite  loading  heads.  This  type  of  loading  produces  a 
relatively  uniform  tensile  stress  acting  perpendicul ar  to  the  applied 
load  plane.  Using  photoeTastic  analyses  of  plastic  disks,  a simplified 
mathematical  treatment  was  given  by  Frocht  [37]. 

The  advantages  of  this  test  are  [41] 

I.  It  Is  simple. 

3.  Surface  irregularities  do  not  seriously  affect  the  results. 

4.  The  coefficient  of  variation  of  the  test  results  Is  Tow. 

4. 2. 6. 2 Theoretical  Sackground.  The  test  assumes  an  isotropic  and 
homogenous  material  with  a linear  elastic  behavior.  Although  an  asphalt 
miiture  is  not  ideally  so.  it  is  thought  that  the  random  distribution  of 
aggregate  particles  In  an  asphalt  mixture  tends  to  minimize  the  effect 


of  heterogeneity  [42}.  Further,  at  a fast  rate  of  loading,  an  asphalt 
n1«ture  iiould,  inost  Hhely,  exhibit  reasonable  elastic  properties. 

The  test  also  assumes  plane  stresses  in  the  specimen,  iihicn  Khile 
not  being  totally  valid,  yields  approximations  which  are  dose.  Not- 
withstanding these  discrepancies  between  theory  and  application,  the 
advantages  of  the  test  outweigh  the  limitations. 

The  stress  distribution  using  loading  strips  of  width  less  than  0,1 
tines  the  specimen  diameter  results  in  a compressive  stress  along  the 
vertical  diameter,  three  times  that  of  the  tensile  stress.  The  test  is 
thus  applicable  to  materials  like  asphaltic  mixtures  which  are  at  least 
three  tines  stronger  in  compression  than  in  tension. 

On  the  basis  of  the  maximum  load  at  failure  P,  applied  through  a 
loading  strip  of  width  1/2  in.,  the  tensile  strength  at  failure  S^,  can 
be  calculated  by  the  expression 

■ 1.96P  / vtd  (4.16) 


where  t ■ Specimen  thickness 
d • Specimen  diameter 


For  a constant  diameter  of  specimen  of  4 in.  the  expression  reduces 


Sj  • 0.15SP/t  (4. IS) 

which  has  been  used  in  all  the  calculations. 
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».2.6.3  Expertmental  Procedure.  The  procedure  for  the  Indirect 
tensile  test,  in  brief,  consisted  of  the  folloving  steps; 

1.  The  height  of  the  test  specimen  ass  measured  and  then  the 
specimen  aas  left  in  a temperature  controlled  room  for  at  least  12  hours 
so  as  to  stabilize  at  77°  F (23*  C).  A duimv  specimen  with  a thermister 
inserted  inside  aas  placed  in  the  same  condition  as  that  of  the  test 
specimen  and  used  to  measure  the  test  temperature  of  the  test  specimens 
just  before  the  test.  The  test  temperature  in  this  case  hss  77°  F (25° 
0. 

2.  The  specimen  aas  placed  in  the  indirect  tensile  test  equipment, 
care  being  taken  to  ensure  that  the  specimen  aas  Hell  centered  in  the 
testing  apparatus  and  the  two  LVPTs  on  either  side  bore  firmly  on  the 
sides  of  the  specimen.  The  top  loading  strip  was  brought  down  carefully 
and  adjusted  in  position  such  that  it  no  more  than  just  touched  the 
specimen. 

3.  Load  was  then  applied  at  a rate  of  2 inches  per  minute  until 
failure  and  measured  with  an  electronic  load  cell.  Horizontal 
deformations  were  measured  by  the  two  LVDTs.  Both  load  and  deformation 
were  plotted  on  the  chart  recorder. 

a.  During  the  load  application,  changes  in  the  output  voltages  of 
the  LVDTs  were  converted  to  movements  of  the  recording  pens.  The 
sensitivities  of  the  recorder  channels  and  the  positions  of  the  pens 
were  so  adjusted  to  obtain  recordings  within  the  chart. 

5.  The  load  at  failure  was  used  to  calculate  the  indirect  tensile 


strength. 
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4,2.7  Fracture  Energy 

The  Induced  horizontel  strain  and  aoglted  vertical  stress  »ere  used 
to  establish  fracture  energy  (Fj)  values  using  the  relation 

Ff  ■ 0 6 (4.17) 

where  0 ■ apoHed  vertical  tensile  stress.  Pa 

e ■ induced  horitontal  strain 


On  the  load  and  horizontal  deformation  plots  recorded  for  the 
indirect  tensile  test,  ten  ordinates  were  chosen  on  the  load  curve  and 
values  of  load  measured.  The  first  measurefnent  was  zero  load  and  the 
tenth  measurement  was  the  failure  load.  Corresponding  values  of 
horizontal  deformation  were  also  measured. 

Applied  stress  was  calculated  for  each  value  of  the  load  using 
Eduation  4.16.  Using  the  corresponding  value  of  horizontal  deformation, 
the  elastic  modulus  was  calculated  using  Equation  4.14.  Poisson's  ratio 


Using  the  calculated  values  of  applied  stress  and  elastic  modulus, 
the  induced  strain  was  obtained  by  the  relation 

(4.1B) 

Thus,  for  each  specimen  tested,  ten  data  points  became  available,  de* 
fining  the  relationship  between  applied  vertical  stress  and  induced 
horizontal  strain.  The  area  under  this  curvilinear  relationship  was 
calculated  using  the  trapezoidal  rule,  which  yielded  the  value  of  frac- 


.2.8  Schweyer  Rheometer  Test 


4. 2.8.1  General.  Rheology  Involves  the  study  and  evaluation  of  the 
t1me>tefnperature  deoendent  response  of  materials  which  are  stressed  or 
subjected  to  an  applied  force.  Low  temperature  (25°  C or  less)  rheolo- 
gical properties  of  bitumens  have  been  evaluated  In  various  research  In- 
vestigations using  testing  equipment  such  as  the  sliding  plate  microvis- 
cometer, co-axial  viscometer,  mechanical  spectrometer,  Schweyer  constant 
stress  rheometer  etc.  In  this  study,  the  Schweyer  constant  stress 
rheometer  was  used  to  define  the  low  temperature  rheological  properties 
of  asphalts  recovered  from  laboratory  compacted  mixtures  and  field 

4. 2. 6. 2 Theoretical  Background.  Tie  and  Ruth  [43]  have  presented  a 
comprehensive  study  on  the  theoretical  background  for  the  Schweyer 
constant  stress  rheometer  and  application  of  rheological  concepts  pro- 
posed by  H.  E.  Schweyer,  a pioneer  In  this  field.  Major  points  from 
this  milestone  paper  are  sunnarlted  as  follows: 

1.  Experimental  data  have  shown  that  shear  stress  (v)  and  shear 
rate  (t)  of  asphalts  can  generally  be  related  by  the  power  law 
function.  T ■ Hj4^. 

2.  Asphalts  often  exhibit  Newtonian-like  (Shear  Susceptibility,  C 
• 1.0)  flow  behavior,  at  or  near  conventional  mix 
tOTperatures. 

3.  Asphalts  tested  at  low  temperatures  and  low  shear  stresses 
generally  exhibit  pseudopl astic  (C  < 1.0)  flow  behavior. 

4.  When  tested  at  high  temperatures  and  high  stress  levels, 
asphalts  may  exhibit  dllatant  (C  > 1)  flow  behavior. 
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5.  The  Sch«eyer  constant  stress  rneoneter  offers  a correct  and 
efficient  method  for  measuring  the  properties  of  asphalt  over 
a wide  range  of  temperature  and  stress  levels. 

6.  Mhen  a viscosity  Is  computed  at  a shear  rate  considerably  dif- 
ferent from  that  of  the  test  value,  a substantial  error  may  be 
Induced.  The  use  of  a constant  power  viscosity  eliminates  the 
need  for  extrapolation  of  viscosity  from  one  shear  rate  to 
another,  since  the  viscosity  can  be  computed  at  the  test  con- 
dition. A constant  power  Input  of  100  w/m^  Is  usually  used 
and  found  to  give  reliable  results. 

4.8.8. 3 Experimental  Procedure.  The  procedure  for  Schweyer 
constant  stress  rheometer  test.  In  brief,  consisted  of  the  following 

1.  A sample  tube  was  filled  right  to  the  top. 

2.  The  plunger  was  seated  and  forced  Into  the  sample  tube  for 

3.  The  entire  assembly  was  placed  Into  the  metal  block  which  was 
then  cooled  to  either  77“  F (25*  C)  or  59*  f (15‘  C),  the  two 
test  temperatures  used  In  this  study. 

4.  Once  the  temperature  stabilized,  the  gas  pressure  was  preset 
and  Che  gas  cylinder  activated  to  apply  force  to  Che  plunger 
and  asphalt  sample. 

5.  Through  the  data  acgulsitlon  system,  the  creep  curve  was 
recorded  for  each  stress  level  until  the  response  became 


C.  Tests  were  conducted  at  a minimum  of  five  stress  levels. 


usually  between  100 
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7.  Using  the  system  ssftware  developed  by  Tie  and  Ruth 
(unpublished),  the  shear  stress  versus  shear  rate  relationship 
Mas  obtained.  It  >as  seen  that  log  shear  stress  versus  log 
shear  rate  plot,  within  esperinental  error,  is  a straight  line 
(conforming  to  the  power  law). 

8.  The  system  software  also  computed  the  shear  susceptibility  (C) 
which  is  the  slope  of  the  regressed  line  relating  log  shear 
stress  to  log  shear  rate.  The  corresponding  value  was  also 
indicated.  In  addition,  the  system  software  computed 
viscosity  at  shear  rate  * 1.0  sec‘^  ^^10^  constant 
power  viscosity  (n^)  . 

4.2.9  Infrared  absorption  Spectra!  Test 

Considering  the  relative  novelty  of  infrared  techniques  in  the 
characterization  of  asphalts,  a comprehensive  background  study  on  the 
subjects  has  been  presented  earlier  in  Chapters  2 and  3.  However, 
before  dealing  with  the  experimental  procedure,  two  aspects  merit  dis- 
cussion, They  are  quantitative  and  qualitative  analyses,  which  are 
briefly  discussed  in  subsequent  paragraphs. 

a. 2. 9.1  Infrared  Quantitative  analysis.  Quantitative  analysis  in 
the  infrared  region  is  based  on  the  relationship  between  concentration 
of  the  compound  (or  the  functional  group)  and  the  radiation  absorbed. 
However,  there  are  certain  problems  in  infrared  quantitative  analysis 
that  are  worthy  of  mention  [44). 

First,  it  is  quite  common  to  encounter  situations  in  which  there 
are  overlapping  absorption  bands.  Secondly,  even  the  determination  of  a 
value  for  absorbance  can  pose  some  difficulty.  Using  known  techniques 


perform  quantitative  analyses  at  precl- 


anO  exercising  due  care,  one  can 
Sion  levels  between  1 and  S percent  [4a],  However,  It  has  to  be 
emphasized  that  quantitative  methods  In  determining  the  structure  of 
chemical  compounds  are  largely  empirical;  the  certainty  with  which  pre- 
dictions of  structure  can  be  made  depends  greatly  on  the  information  and 
experience  of  the  Investigator. 

4,2.9.?  Infrared  Qualitative  analysis.  The  aim  of  qualitative 
analysis  is  to  determine  the  presence  of  individual  components.  Even 
qualitative  identification  of  the  components  of  a system  may  be  of 
Interest  and  importance,  and  for  this  purpose  the  methods  of  infrared 
analysis  are  often  useful.  As  stated  earlier,  if  a large  enough  library 
of  spectra  is  available,  it  is  possible  to  identify  compounds,  and  in 
favorable  instances,  even  mixtures  of  compounds,  by  comparison  with  such 
reference  spectra  [45],  For  this  purpose,  modern  con^uter  storage  and 
retrieval  facilities  are  used  to  great  advantage. 

4. 2.9.3  Experimental  Procedure.  The  following  is  a brief  descrip- 
tion of  the  testing  procedure  which  was  adopted  for  the  Infrared  spec- 
tra! test. 

1.  The  asphalt  specimen  was  weighed  out  in  a 3 dram  glass  via!, 
the  weight  of  asphalt  being  approximately  0.20  gms.  Figure 
3.16  illustrates  the  type  of  vial  used.  The  weight  was 
accurately  measured  to  a thousandth  of  a gram. 

2.  HPLC  grade  Tetrahyrofuran  (TKF)  was  used  to  make  a 5 percent 
(W/V)  solution,  Petersen  [20]  reports  that  the  use  of  THF 
eliminates  the  Interference  from  hydrogen  bonding  on  the 
carbonyl  absorption  region  which  helps  in  the  determination  of 
ketones,  carboxylic  acids,  anhydrides  and  2-quino1one  types. 


T>i!s  was  confirmed  by  o^oHmlnary  runs  on  specimens  made  with 
THF  at  a concentration  of  5*  (W/V).  a level  which  gave  satis- 
factory spectra  with  minimal  amount  of  noise  interference. 

Doe  to  the  difficulty  in  dissolving  a large  concentration  of 
asphalt  in  the  solvents,  the  minimum  concentration  level  of  51 
was  selected.  The  solution  in  the  vial  was  tightly  stoppered 
and  left  for  ten  minutes.  During  this  period,  the  vial  was 
occasionally  shaken  up  to  accelerate  the  dissolving  of  the 
aphalt  sample. 

The  two  Teflon  stoppers  were  removed  from  the  sealed  cell. 
Approximately  2 ml  of  THF  was  drawn  into  a 3 cc  Luer  lock 
syringe.  Figure  3.16  illustrates  the  type  of  syringe  used. 
(WARNING:  THF  is  toxic;  read  Product  Data  and  Safety 
Sheets.)  The  syringe  was  inserted  into  the  lower  fitting  of 
the  cell.  The  cell  was  flushed  out  twice,  gently  depressing 
the  plunger  of  the  syringe  when  injecting  the  solvent  in. 

Then  the  cell  was  filled  with  THF  making  sure  that  no  air 
bubbles  are  entrapped.  The  syringe  was  removed  and  the  Teflon 
plugs  inserted  with  a twisting  motion.  If  the  liquid  filled 
the  top  part,  it  was  sponged  off  with  a piece  of  clean  tissue. 
If  the  part  is  left  full  when  the  second  plug  is  inserted, 
excessive  pressure  may  distort  or  rupture  the  ce11. 

The  cell  was  then  inserted  into  the  cell  holder  which  is  posi- 
tioned within  the  chamber  on  the  optical  bench.  The  chamber 

The  system  software  was  operated  to  scan  the  solvent,  genera- 
ting the  background  spectum  for  THF.  It  is  essential  to  gene- 
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rate  the  background  spectrum  on  every  occasion  that  the  test 

The  background  spectrum  was  stored  on  the  disk  facilities. 

The  sealed  cell  was  removed  from  the  chamber.  The  Teflon 
plugs  were  removed  and  using  the  Leur  syringe,  the  solvent  was 
emptied  and  blown  dry  with  a draft  of  Nitrogen.  To  avoid 
serious  damage  to  the  ce11  windows.  It  should  be  scrupulously 
ensured  that  not  even  a trace  of  moisture  gets  Into  the  sealed 
cell.  The  syringe  was  also  shaken  and  blown  dry. 

Steps  at  Serials  3 and  a were  gone  through  again,  with  the 
difference  that  Instead  of  the  solvent,  the  S percent  (U/V) 
solution  of  asphalt  was  Inserted  Into  the  sealed  cell. 

The  system  software  was  operated  to  scan  the  solution,  gene- 
rating the  spectrum  for  the  solution.  Using  software 
commands,  the  background  spectrum  was  ratloed  out,  yielding 
the  spectran  of  the  asphalt  sample,  which  was  stored  on  the 
disk  facilities. 

Using  various  software  comnands,  the  analysis  of  the  spectrum 
of  the  asphalt  was  done,  so  as  to  obtain  the  values  of 
absorbance  at  different  wavenumbers. 

These  figures  were  utilized  In  the  computation  of  Carbonyl 
Ratios  and  Ketone  factors. 

A hardcopy  of  the  spectrum  was  also  obtained  on  a connected 

The  sealed  ce11  and  syringe  were  rinsed  out  with  THF  until 
thoroughly  dean  and  put  away  when  done  for  the  day.  The  cell 
should  be  stored  In  a 


dry  dessicated  chamber. 


CHAPTER  S 

THIH  FlUi  AKO  ROLLING  THIN  FILN  OVEN  TESTS 
5.1  Intraductlon 

With  the  general  aim  of  assessing  the  extent  of  hardening  of  the 
selected  asphalts  «hen  subjected  to  exposure  1n  the  Thin  Film  and 
Rolling  Thin  Film  Ovens,  an  experimental  program  was  devised  and  run. 
For  each  of  the  asphalts.  TFOT  (ASTHD175A-78)  and  RTFOT  (ASTMDEB7E-B0) 
were  performed  at  285'  F,  326'  F and  365'  F.  Parameters  measured  befor 
and  after  the  tests  >ere  as  follows; 

1.  Penetration  at  77'  F. 

2.  Absolute  Viscosity  at  lao'  F. 

3.  Kinematic  Viscosity  at  275'  F. 

The  specific  objectives  of  the  experiment  were  as  follows; 

1.  To  carry  out  statistical  analyses  of  the  results  obtained  and 

(a)  differences  between  asphalts 

(b)  differences  between  the  effects  of  the  three  levels  of 
temperature 


2.  To  carry  out  regression  analyses  and  establish  relationships 
between  the  effects  of  TFOT  and  RTFOT. 

3.  To  establish  patterns  of  change  for  the  response  parameters 
over  Increasing  temperature  levels,  for  each  asphalt. 
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The  TFOT  and  RTFOT  procedures  and  the  physical  tests  on  the  asphalt 
residues  before  and  after  the  tests  were  performed  by  the  personnel  of 
the  Bureau  of  Materials  and  Research,  Florida  Department  of  Transpor- 
tation, under  the  supervision  of  Messrs.  Ken  Murphy  and  Phil  Eunice. 


Results  obtained  nave  been  tabulated  in  Tables  5.1  through  5.3. 
Percentages  Penetration  Retained  and  Viscosity  Ratios  of  140°  F have 
been  calculated  and  presented  in  Tables  5.4  and  5.5,  respectively. 

5.3  Analysis  of  Results 

5.3.1  Statistical  Model 

The  test  results  as  listed  in  Tables  5.1  to  5.5  Here  analyzed  as 
results  of  a factorial  experiment  comprising  of  eleven  types  of  asphalts 
(ASPHALT),  three  levels  of  temperature  (TEMP)  and  two  types  of  test 
(OVER).  In  the  study,  the  concern  Is  only  in  these  eleven  asphalts, 
three  temperatures  and  two  tests.  Thus  ASPHALT.  TEMP  and  OVEN  are  re- 
garded as  fixed  effects.  The  experiment  has  65  treatment  combinations. 

the  experiment; 

’ijk  • m ♦ A^  ♦ Tj  + Oj  * AT,j  + t 70^^  ♦ (6.1) 


main  effect  of  ASPHALT 


e 5.1  TFOT  and  RTFOT  Effects  dn  Penetration 


^netratlon  at  17'  f 


dhcron TF5T — 

AC-20 

Hodified  RTFOT 
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Table  5.2  TFOT  and  RTFOT  Effects  on  Absolute  Viscosity 


Absoiute~Vlscoslty  at  lao”  F 

Asphalt  Test  original  Oven  Temperature  (’  F)  ~ 

28S  325  365 

TFOT 5H5 J77TT 

Chevron  3100 

AC-30  RTFOT  7711  14389  32855 

TF3T 5557 555J nTTT 

Belcher  2753 

AC-30  RTFOT  6628  11321  21644 

mjT 5SI7 J75B nssr 

Amoco  3301 

AC-30  RTFOT  6958  10451  18045 

mn 5nn rns nrar 

Harlani  2967 

AC-30  RTFOT  5802  8489  14122 

TTtn 5551 553J nSUT 

Marathon  2981 

AC-30  RTFOT  7570  11743  26027 

rm 3TO 5245 TTHST 

Chevron  2135 

AC-20  RTFOT  4414  8399  10201 

Chevron mjT 3BC2 1530 10130" 

AC-20  2576 

Modified  RTFOT  5078  9101  12199 

TFOT I5TT ?3?7 402T 

Teiaco  1064 

85-100  RTFOT  1889  2499  3255 

7eI«o TFOT J5I0 3585 553T 

Alrblown  1931 

85-100  RTFOT  2866  3426  4761 

TFOT J5255 35303 75550" 

Esso  17885 

25-35  RTFOT  28639  48601  115060 

TFOT 5573 HOIO 5T575" 

Boscan  3810 

85-100  RTFOT  9082  19090  53140 
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TabU  0.3  TFDT  and  RTFOT  Effects  on  Kinematic  Viscosity 


Aspnalt 


ac-m"' 


Karathon 

AC-30 


Chevron 

AC-20 

ehevron 

AC-20 

Hodlfled 


85-100 

Texaco" 

Alrblonn 

85-100 


Esso 

25-35 


9oscan 

85-100 


Test 

TFOT 

RTFOT 

Tfot 

RTFOT 

TFOr 

RTFOT 

TfEiT" 

RTFOT 

TFST" 

RTFOT 

■7F5T- 

RTFOT 

TFST" 

RTFOT 

■mm 

RTFOT 

TFOT 

RTFOT 

■mm 

RTFOT 

irm 

RTFOT 


Original 


506 


593 


542 


550 


412 


539 


385 


937 


649 


Kinematic  Viscosity  at  275"  F 
Oven  Temperature  C f) 
■^85  325  35T 

TH 55T nST 

734  993  1321 

7H5 mr 

704  848  1073 

■T53 517 T53T 

847  1018  1332 

"55S  852  T53r 

720  839  1000 

■T57 752 nST 

731  873  1195 

■TII 55? 885“ 

565  747  778 

■^n 712 mr 

716  926  1030 

*T59 558 13T 

315  370  418 

■TT5 555 521" 

403  433  480 

■TT35 nSB 1555^ 

1156  1437  2172 

■niB5 T333 275T 

943  1350  2190 


Table  5.4  TFOT 


RTFOT  Effects  on  Penetration  Retained 


I Penetnatlon  Retained 

Asobalt  Test  Oven  Ten^ierature  F) 

— ?5? 25 3^ 

TFDT 7E75 5577 STTT 

Cbevnon 

AC-30  RTfOi  69.1  60.3  48.5 

ITDT 75H 5T? SiJTT 

Bel cben 

AC-30  RTFOT  68.7  56.7  50.7 

mn TO 5IT5 ITT 

Amco 

AC-30  RTFOT  68.5  56.3  46.6 

TTOT 70 SO 5SX 

Kanlani 

AC-30  RTFOT  74.2  61.3  56.5 

rnn to sits so" 

Karathon 

AC-30  RTFOT  66.2  56.9  47.7 

TF3T 70 BO 50" 

Chevron 

AC-20  RTFOT  70.7  57.3  52.0 

Chevnon  TFOT  SO  TITS  5STT 

AC-20 

Hodified  RTFOT  74.5  58.8  55.9 

IF01 TO 55T0 iry 

85-100  RTFOT  68.2  54.5  48.9 

TilicS TFOT SSTS 75TS B3TT 

A1  rbl  Oivn 

85- 100  RTFOT  84.1  78.0  69.5 

TFOT TOT5 STS TO" 

Esso 

25-36  RTFOT  88.9  77.8  66.7 

TFOT TO 57T? ICTS- 

Boscan 

86- 100  RTFOT  71.1  55.3  42.1 
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TabU  5.5  TfOT  and  RTFOT  Effects  sn  Absolute  ViscosUy  Ratio 


Asphalt 


Hariani 

AC-30 


Marathon 

AC-30 


Cheoron 

AC-20 

Chevron 

AC-20 

Modified 


Te*aco 

85-100 

Ai rbloHT 
85-100 


Esso 

25-35 


Soscan 

85-100 


Absolute  viscosity  Ratio 
Oven  Temperature  ['  F) 

TFCT  T55  J7TJ  T73r 

RTFOT  2.49  4.64  10.60 

TTin rU3 J7?3 8717- 

RTFOT  2.41  4.11  7.86 

TTCT T77 T9! TIT 

RTFOT  2.11  3.17  5.47 

Trer HTJ 7757 T9r 

RTFOT  1.96  2.86  4.76 

TFOT T79C J7T9 7795" 

RTFOT  2.54  3.94  8.73 

■W T75! T93 OT 

RTFOT  2.07  3.93  4.78 

TF5T T71S 1791 379T 

RTFOT  1.97  3.53  4.74 

IFtn T79T 77T9 37BT 

RTFOT  1.78  2.35  3.06 

TFDT T797 T9J OT 

RTFOT  1.48  1.77  2.47 

1751 TIT ?7T9 379T 

RTFOT  1.60  2.72  6.49 

•W 779! T7B TITTO* 

RTFOT  2.38  5.01  13.95 


93 

8j  • the  main  effect  of  TEMP  j. 

0|,  ■ the  ffleln  effect  of  OVEN  t. 

ATjj  > the  interaction  of  ASPHALT^  x 
AOj^  ■ the  Interaction  of  ASPHALT,  * OVEN^. 

TOj,;  • the  interaction  of  TENPj  x OVEN^, 

'ijk  ‘ experiniental  error. 

Analysis  of  variance  (ANOVA)  nas  perfomed  on  the  test  results 
using  the  linear  ncdel  above.  The  SA5/STAT  computer  softxare  was  used 
to  perform  these  analyses. 

5.3.Z  Penetration 

The  most  Important  results  of  on  AHOVA  are  the  p-values  for  the 
factors  considered.  Basically,  the  P value  for  a factor  indicates  the 
probability  of  error  of  the  statement  that  the  factor  has  a significant 
effect  on  the  measured  parameter.  For  example,  if  a factor  A has  a P 
value  of  0.05,  the  statement  that  factor  A is  significant  aill  have  a 
probability  of  error  of  0.G5.  A lower  P value  indicates  a higher  level 
of  significance.  In  this  study,  a probability  of  error  (o  level)  of 

0.05  was  used.  If  the  P value  of  a factor  Is  equal  or  less  than  0.05, 
the  factor  is  considered  to  be  significant. 

Results  of  ANOVA  on  the  penetration  data  are  sunsnarized  in  Table 
5.6.  From  Table  5.6  it  is  seen  that  all  main  effects  and  interaction 
effects  are  significant.  It  follows  that 

1.  Comparison  of  ASPHALT  must  be  made  at  each  level  of  TEMP,  for 

each  OVEN  type  separately. 

2.  Comparison  of  TEH?  must  be  made 

separately,  and 


by  ASPHALT,  for  each  OVEN  type 


Table  5.6  Result  of 


Source  df 
ASPHALT  10 
TEMP  2 
OVEN  1 
ASPHALT  • TEMP  ?0 
ASPHALT  • OVEN  10 
TEMP  • OVEN  2 
ERROR  20 


912.03 

1337.29 

101.33 

15.25 

8.51 

23.65 

2.63 


3.  CompiMson  of  OVEN  type  mult  be  nade  at  each  level  of  TEMP,  for 

each  ASPHALT  separately. 

Since  it  is  known  that  the  asphalts  have  a variety  of  Penetration 
values  In  the  original  state,  comparison  of  asphalts  by  Penetration 
values  after  TFOT  and  RTFOT  would  be  better  done  If  the  percent 
penetration  retained  1$  considered. 

S.3.3  Percent  Penetration  Retained 

Results  of  AKOVA  on  the  percent  Penetration  Retained  (the  data  in 
Table  5.4)  are  sumarized  in  Table  5.7.  From  Table  5.7  it  is  seer  that 
a11  three  main  effects  and  the  TEHP  • OVEN  interaction  effect  are 
significant. 

Since  ASPHALT  does  not  Interact  with  the  other  two  factors,  the 
asphalts  can  be  evaluated  by  comparing  the  mean  responses  for  the  eleven 
asphalts,  averaged  over  the  other  two  factors.  This  was  done  by 
Duncan’s  multiple-range  test  at  a level  of  significance  of  0.05.  The 
results  are  suranarlzed  In  Table  5.5.  It  can  be  seen  from  Table  5.8  that 
the  following  asphalts  are  significantly  better  on  the  basis  of  percent 
Penetration  Retained: 

1.  Esso  25-35 

Z.  Texaco  Airblown  85-100 

3.  Chevron  AC-20  Modified 

4.  Hariani  AC-30 

It  should  be  noted  that  Esso  25-35  is  a roofing  asphalt.  Among  the 
paving  asphalts.  Serials  2,  3 and  4 Indicated  better  percent  Penetration 
Retained.  Serials  3 and  4 are  not  different  from  each  other. 

Since  the  factor  TEMP  interacts  with  the  factor  OVEN,  It  Is  appro- 
priate to  compare  the  TEMP  means  separately  for  each  OVEN  type  averaged 


Source 

ASPHALT 


ASPHALT  • 
ASPHALT  • 
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Table  5.8  Grouping  of  AsphaHs  on  the  Basis  of  Percent  Penetration 
Retained  from  Duncan's  Test 


Asphalt  Mean 
Esso  25-35  79.65 
Texaco  Airblown  85-100  76.20 
Chevron  AC-20  Hod  66.68 
Mariam  AC-30  65.07 
Chevron  AC-20  62.68 
Chevron  AC-30  62.02 
Belcher  AC-30  61.68 
Marathon  AC-30  59.22 
Aroco  AC-30  59.13 
Texaco  85-100  57.97 
Boscan  85-100  56.38 


Ouncan's 

Grouping 


C 0 
0 E 


F G 


NOTE; 


significantly  different 


9B 

over  the  fector  ASPHSLT.  This  «as  «one  Duncan's  test  at  a level  of 

Table  6.9,  it  can  be  seen  that  for  both  the  TTO  ana  RTFO  processes, 
different  oven  temperatures  produced  different  effects  on  the  asphalts 
on  the  basis  of  percent  Penetration  Retained. 

Similarly,  since  the  factor  OVEN  Interacts  xlth  the  factor  TEHP,  it 
is  appropriate  to  compare  the  OVEN  means  separately  for  each  TEMP  »ith 
Duncan's  test  at  a level  of  significance  of  O.OS.  The  results  are 
sumarized  In  Table  6.10.  From  Table  5.10,  it  can  be  seen  that,  for 
oven  temperatures  of  ESS  and  325°  F,  the  RTFO  process  is  more  severe 
than  the  TFO  process.  However,  for  an  oven  temperature  of  365°  F,  the 
two  processes  are  not  different  from  one  another  on  the  basis  of  percent 
Penetration  Retained. 

Temperature  for  different  asphalts  are  shown  in  Figure  5.1  and  similar 
plots  for  RTFOT  are  shown  in  Figure  5.2.  It  can  be  seen  clearly  that 

5. 3. a Absolute  Viscosity  at  140°  F 

Results  of  ANOVA  on  the  Absolute  Viscosity  at  140°  F (the  data  in 
Table  5.2)  are  summarized  in  Table  5.11.  From  Table  5.11,  it  is  seen 
that  the  main  factors  ASPHALT  and  TEMP  and  the  Interaction  ASPHALT  • 

TEMP  are  significant.  OVEN  type  is  not  significant.  Since  it  is  known 
that  the  asphalts  are  guite  different  from  each  other  In  their 
viscosities,  comparison  of  asphalts  by  viscosity  values  after  TFOT  and 
RTFOT  would  be  better  done  If  the  Viscosity  Ratios  are  considered. 


Table  5. 


Grouping  oT  Tempera' 


Duncan's  Grouping 


28S 

32S 

36G 


73.11 

61.19 

53.19 


NOTE:  Keans  Hith  the  saine  letter  are  not  significantly  different 

(alpha  ■ 0.05) 
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Table  5.10  Grouping  of  0*en  Type  by  Temperature  on  the  Basis  of 
Percent  Penetration  Retained  from  Duncan's  Test 


2B5 

295 

325 

325 


365 


Duncan's  Groupino 


Means  vith  the  sane  letter  are  not  s 
(alpha  • 0.05) 


Note: 


ilgnlflcantly  diffaren 
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Table  S.ll  Results  of  ANOVA  on  Absolute  Viscosity 


Source  df 
ASPHALT  10 
TEMP  2 
OVEN  1 
ASPHALT  • TEMP  20 
ASPHALT  • OVEN  10 
TEMP  • OVEN  2 
ERROR  20 


136B334926 

2423126777 

SS363041 

266295059 

70157798 

3545673 

42736422 


F Value  P 

32.02  0.0001 

56.70  0.0001 

1.30  0.2685 

6.21  0.0001 

1.64  0.1657 

0.08  0.9207 


-SQUARE  0.966 


p9u;e)s^  uoi;ej)3U3(j  j; 


TFOT  Temperature 


psuie^sy  uo;)ej)3U3(j  { 


TFOT  Temperature 


psu;e)9^  uoHS'Jidusd  % 


RTFOT  Temperature 


pau;e)3^  uo;)ej^9U3cj 


RTFOT  Temperature 


loe 


5.3.5  Absolute  Viscoslly  Rttio 

Results  of  ANOVA  on  the  Absolute  Viscosity  Retlo  (the  data  in  Table 
5.5)  are  sumiarized  in  Table  5.12.  From  Table  5.12,  it  is  seen  that  the 
nain  factors  ASPHALT  and  TEMP  and  the  interaction  ASPHALT  • TEMP  ane 
significant  nhile  the  effect  of  oven  type  Is  not  significant. 

Since  ASPHALT  Interacts  with  HHP  (and  not  OVEN),  comparison  of 
asphalts  must  be  made  at  each  level  of  temperature,  averaged  over  the 
two  types  of  OVEN.  This  »as  done  by  Duncan's  test  at  a level  of 
significance  of  0.05.  The  results  are  summarized  in  Table  5.13.  For 
convenience  in  presentation,  asphalts  have  been  coded  as  follows: 

Soscan  BS-lOO  BO 

Chevron  AC-30  CH 

Belcher  AC-30  BE 

Marathon  AC-30  HT 

Chevron  AC-20  01 

Amoco  AC-30  AH 

Kariani  AC-30  HA 

Chevron  AC-20  (Hod)  Ki 

Texaco  85-100  TX 

Esso  25-35  SO 

Texaco  Airblown  85-100  TA 

From  Table  5.13,  it  can  be  seen  that  the  following  paving  asphalts 

had  a better  Absolute  Viscosity  Ratio: 

For  Oven  Temperature  of  285*  F 

1.  Texaco  Airblown  85-100* 

2.  Texaco  85-100* 


AC-20  Hodifii 
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Table  5.12  Results  of  ANOVA  on  Absolute  Viscosity  Ratio 


-SQUARE  0.966 
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Table  5.13  Grouping  of  Asphalts  by  Tenperature  on  the  Basis 
of  Absolute  Viscosity  Ratio  from  Duncan's  Test 


Asphalt:  80  OK  BE  HT  01  AH  MA  DN  TX  SO 

Kean:  2.37  2.24  2.22  2.22  1.95  1.94  1.84  1.73  1.65  1.54 

AAAA  DDDO 


8 B B 8 


E E E 

C C 


Tero  325*  r 

Asphalt:  80  CH  BE  HT  01  AH 

Kean:  4.66  3.89  3.67  3.57  3.43  3.07 

A B B 8 8 8 

C C C C 


DH  KA  SO  TX 

2.72  2.72  2.43  2.27 

E £ e e 

c c 

0 0 0 0 


Tenp  365°  E 

Asphalt:  BO  CH  KT  BE  AH 

Kean:  17.7  8.97  8.36  8.14  8.31 

A B 8 B B 

C C 


“I'o.os* 


letters 


significantly  different 


85-100* 


2.  Texaco  85-100* 

3.  Harlani  AC-30* 

«.  CAevron  AC-20  KodIfleC* 

for  Oven  Tefimerature  of  3C5*  F 

1.  Texaco  Alrblonn  85-100* 

2.  Texaco  85-100* 

3.  Chevron  AC-20  Modified* 

4.  Kartani  AC-30* 

5.  Chevron  AC-20* 

6.  Anoco  AC-30* 

Since  TEMP  interacts  Mith  ASPHALT  (and  not  with  OVEN],  compa 
of  TEMP  means  must  be  made  separately  for  each  ASPHALT,  averaged 
the  two  types  of  OVEN.  This,  however,  is  not  considered  useful  a 
obvious  that  higher  temperatures  would  result  in  increased  levels 
viscosities  and  the  differential  would  depend  on  tne  asphalt. 

Plots  of  the  avenege  Absolute  Viscosity  Ratio  (averaged  over 
oven  types)  v.s.  Oven  Temperature  for  different  asphalts  are  show 
Figure  5.3.  It  can  be  seen  from  these  two  figures  that 

1.  the  change  in  Viscosity  Ratio  between  325’  F and  355°  F 

greater  than  that  between  285°  F and  325°  F.  and 


of  change  depends  on  the  type  of  asphalt. 


o])e^  X|’so3si/t  a^njosqv  ues^ 


Temperature 
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5.3.6  Kinwntlc  ViseosHy  at  275*  F 

Results  of  ANOVA  on  the  Kinematic  Viscosity  (the  data  in  TaDle  5.3) 
are  sunnarized  In  Table  5.14.  From  Table  5.14,  1t  1s  seen  that  the  main 
factors  ASPHALT  and  TEHP  and  the  Interaction  ASPHALT  • TEHP  are 
Si9n1f1cant,  while  the  effect  of  oven  type  is  not  significant.  This 
corresponds  to  what  was  seen  earlier  from  the  analyses  of  variance  done 
on  Absolute  Viscosity  and  Viscosity  Ratio  at  140°  F.  As  such,  no 
further  analysis  is  considered  useful. 

5.3.7  Relationship  Between  RTFOT  and  TFQT  Effects 

For  each  of  the  response  parameters,  relationships  were  established 
between  response  after  RTFOT  and  response  after  TFDT.  This  was  done  for 
each  temperature  level  by  a linear  regression  analysis  using  SAS/STAT 
computer  software.  The  results  obtained  are  sunnarized  in  Table  5.15. 
The  table  also  gives  the  number  of  samples  within  mu1ti1ab 
reproducibility  as  specified  in  ASTM  test  methods  05.  02170  and  02171. 

5.4  Summary  of  Findings 

The  malor  findings  from  the  results  of  the  Thin  Film  and  Rolling 
Thin  Film  oven  tests  are  summarized  as  follows; 

1.  On  the  basis  of  percent  Penetration  Retained,  the  RTFOT  is  a 
more  severe  aging  process  than  the  TFOT  for  oven  temperatures 
of  235  and  325°  F.  However,  for  an  oven  tempenature  of  355“  F, 
the  two  processes  are  not  different  from  one  another. 

2.  On  the  Oasis  of  AOsolute  Viscosity  Ratio,  the  RTFOT  and  TFOT 
are  not  different  from  one  another. 
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Table  S.U  Results  of  ANOVA  on  Kinematic  viscosity 


R-SOUARE 


0.990 
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Table  S.IS  Relgdonship  Between  RTFOT  and  TFOT  Effects 


Process  PenfoTci  * a * b F^en/Tc^  * c banpies  within  Keproducibi  lily 
Temp  r F)  a b opt  of  ll* 


286  0.970  1.687  0.904  6 
325  0.934  2.885  0.858  9 
365  0.944  <2.322  1.059  9 


AbsVi5(pTf)  ■ a * b AbsV1S(jpj  + t 

285  0.994  523.846  1.070  2 
325  0.981  14.752  1.240  3 
365  0.715  33.775  1.070  3 


ICInVIS(pTF)  ' a r b KinVis,pp)  + c 

285  0.966  70.549  0.938  10 
325  0.967  52.236  1.017  7 
365  0.891  131.105  0.848  5 


8ased  on  ASTI4  05.  D2I70  i 02171,  respectively. 
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3.  When  the  (Ibsolute  Viscosity  Ratios  are  used  to  give  relative 
ratings  to  asphalts,  using  a different  oven  tenperature  can 
produce  different  results.  For  example,  asphalt  A nay  have  a 
higher  Viscosity  Ratio  than  that  of  asphalt  B for  oven 
tenperature  of  2S5“  F and  a lower  Viscosity  Ratio  than  that  of 
asphalt  B for  oven  temperature  of  325*  F. 

4.  Differences  in  asphalts  of  comparable  grade,  when  evaluated  by 
Duncan's  test,  tend  to  minimize  as  the  oven  temperature 
increases  on  the  basis  of  Absolute  Viscosity  Ratio.  However, 
differences  in  absolute  terms  increase. 

5.  The  Penetration,  Absolute  Viscosity  and  Kinematic  Viscosity 
after  TFOT  can  be  related  to  the  same  measured  parameters  after 
RTF07. 


CKAPTER  6 

INFRARED  ABSORPTION  SPECTROSCOPY  ON  RESIDUES  FROM  TFO  AND  RTFO  TESTS 
6.1  Introduction 

In  tNR  recormendAtlons  made  on  the  baaia  of  preUmlnarjr  Inveatiga- 
t1ona  [46].  It  was  brought  out  that  IR  spectroscopy  appears  to  be  a 
viable  technique  to  identify  and  quantify  changes  in  asphalt  composition 
due  to  oxidation  and  age  hardening.  In  order  to  study  this  aspect  more 
deliberately,  an  experimental  program  was  devised  and  run  on  the 
original  asphalts  and  residues  obtained  after  TFDT  and  RTFOT,  for  each 
of  the  asphalts  used  in  this  study.  Section  S.l  gives  details  of  the 
TFO  and  RTFO  tests  run. 

The  specific  objectives  of  the  experiment  using  IR  spectroscopy 
were  as  follows; 

1.  To  study  the  possibility  of  expressing  the  level  of  oxidation 
as  a ratio  of  two  absorbances,  one  of  which  varies  with  the 
amount  of  oxidation,  the  other  remaining  constant  throughout 
the  oxidation  process. 

Z,  To  devise  a measure  which  would  enable  quantifying  relative 
degrees  of  change  brought  about  by  oxidation  and  hardening. 

B.  To  carry  out  statistical  analyses  of  the  quantified  effects  and 
determine 

(a)  difference  between  asphalts 

(b)  differences  between  the  three  levels  of  temperature 
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(c)  aifferenc95  l«ttieen  the  effects  of  TFOT  end  RTFOT  or 
the  various  parameters. 

To  compare  results  based  on  IR  spectral  analysis  with  those 
based  on  percent  Penetration  Retained  and  Absolute  Viscosity 


6.2  Esamlnation  of  IR  Absorption  Spectra 
The  asphalts  and  residues  were  dissolved  in  Tetrahydrofuran  at  a 
concentration  of  5 percent  (H/V)  and  evaluated  in  the  FTIR 
spectrophotometer  using  procedures  described  in  Section  4. 7. 9. 3.  A 
sealed  cell  with  O.lnm  pathlength  and  sodium  chloride  windows  was 
used.  Figures  6.1  to  6.11  display  the  IR  absorption  spectra  of  the 
original  asphalts  in  the  region  between  1900  cn~^  and  1500  cm*^. 

Study  of  the  spectra  by  asphalts,  indicates  a definite  increase  in 
the  level  of  oidation  as  indicated  by  increases  in  carbonyl  absorption 
in  the  1700  cm~^  region,  which  1s  due  to  increasing  concentration  of 
ketones  and  anhydrides.  Also,  carbonyl  absorption  of  acid  types  occurs 
at  about  1730  cm*^.  As  stated  earlier  in  Section  2,5.4,  ketones  and 
anhydrides  are  formed  on  oxidative  aging  and  canboxylic  acids  occur 
naturally  in  the  asphalt  but  increase  on  oxidative  aging.  Since  these 
three  functional  groups  are  the  most  significant  chemical  function- 
alities which  can  be  related  to  oxidative  aging,  examination  of  the 
spectra  in  this  study,  was  done  with  particular  reference  to  them. 

The  spectra  also  indicated  that  the  band  centering  at  about  1600 
cm~^  which  results  primarily  from  aromatic  carbon-carbon  double  bonds, 
can  be  assumed  to  be  fairly  constant,  because  the  group  is  present  in 

As  such,  it  win  be  possible  to 
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express  the  level  of  oxiaatlon  as  a ratio  of  absorbances  at  1700  cn** 
and  1600  cm**.  This  may  be  referred  to  as  Carbonyl  Ratio  at  1700  on"*. 

Measured  absorbances  at  the  peaks  corresponding  to  1700  ok**  and 
1600  cm~*  vfavenumbers  have  been  documented,  using  the  coding  adopted 
earlier  in  Section  6.3.5,  for  each  of  the  asphalts  and  asphalt  residues 
In  Table  6.1.  Ratios  of  absorbances  have  been  calculated  and  presented 
as  Carbonyl  Ratio  at  1700  cm"*  1n  Table  6.2.  Plots  of  Carbonyl  Ratio  at 
1700  cm"*  v.s.  TFOT  and  RTFOT  temperatures  for  different  asphalts  are 
shown  in  Figures  6.12  and  6.13.  It  can  be  seen  from  the  table  and 

1.  the  increase  in  Carbonyl  Ratio  between  32S°F  and  366*F  is  gen- 
erally greater  than  that  between  285°F  and  325°F,  with  a few  exceptions. 

2.  the  degree  of  increase  depends  on  the  asphalt  type. 

3.  Texaco  Airblown  86-100  has  a distinctly  higher  Carbonyl  Ratio 
as  compared  to  the  other  asphalts. 

In  order  to  fluantitatively  follow  the  change  in  Carbonyl  Ratio,  a 
factor  is  obtained  by  dividing  the  Carbonyl  Ratios  for  the  residues  by 
the  Carbonyl  Ratios  for  the  respective  original  asphalts.  Corresponding 
to  Carbonyl  Ratio  at  1700  cm**,  this  factor  may  be  referred  to  as  the 
Ketone  Anhydride  Development  Factor  (KADF).  KADF  values  for  the  eleven 
asphalts  tested  are  presented  in  Table  6.3.  Figures  6. It  and  6.15 
display  the  relationships  between  KADF  and  the  process  temperature  for 
the  various  asphalts  after  TFOT  and  RTFOT  respectively. 

A similar  procedure  would  also  be  appropriate  in  respect  of 
carboxylic  acids,  however,  in  this  study,  reference  to  the  carboxylic 
group  would  be  limited  to  the  extent  of  just  noting  the  presence  or 
otherwise  of  a well-defined  peak  at  about  1730  cm~*  in  the  spectra  of 
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Table  6.1 
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Table  6.2  Ratio  of  Absorbances  Expressed  as 
Carbonyl  Ratio  at  1700  on'l 


BE 


HT 

01 

OH 


BO 


Absorbs 


ORI 


321 

236 

313 

315 


232 

254 

743 

359 

366 


snce  at  1700  cm~*7Absorbance 

TFOT 

285*F  326T  365»F 

.341  .368  .395 

.352  .367  .434 

.331  .366  .424 

.347  .382  .410 

.360  .386  .445 

.319  .349  .401 

.296  .315  .360 

.280  .310  .367 

.805  .821  .885 

.374  .387  .469 

.403  .414  .470 


at  1600 


285°F 

.324 

.323 

.318 

.337 

.324 

.293 

.279 

.793 

.376 

.393 


RTFOT 

325*F 


349 

362 

360 


354 

316 

326 

838 

409 

413 


392 

412 

426 

376 


358 

339 

858 

474 

458 
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TFOT  Temperature 
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TFOT  Temperature 
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RTFOT  Temperature 


Anhydride  DeveTopment  Factors 


Asphalt 


CH 

BE 


DI 

DM 


SO 

BO 




2B5*F  325»F  36S‘F 

l.ZO  1.30  1.39 

1.10  1.14  1.35 

1.16  1.29  1.49 

1.11  1.22  1.31 

1.14  1.23  1.41 

1.13  1.24  1.42 

1.05  1.12  1.28 

1.10  1.22  1.44 

1.06  1.10  1.18 

1.04  1.08  1.31 

1.10  1.13  1.28 


RTFOT 

285°F  325*F  365*F 

1.14  1.29  1.38 

1.01  1.09  1.28 

1.24  1.27  1.49 

1.02  1.16  1.20 

1.07  1.17  1.30 

1.15  1.26  1.29 

1.04  1.12  1.27 

1.10  1.28  1.33 

1.06  1.12  1.15 

1.05  1.14  1.32 

1.07  1.14  1.25 
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TFOT  Temperature 
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TFOT  Terspera^ure 
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RTFOT  Temperature 
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RTFOT  Temperature 
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the  original  asphalts.  From  Figures  6.1  to  6.11  it  is  seen  that  the 
following  asphalts  show  distinct  peaks  at  wavenunher  of  about  1630 
corresponding  to  carbonyl  absorption  of  acid  types: 

1.  Chevron  AC-30 

2.  BeUher  AC-30 

3.  Amoco  AC-30 

4.  Esso  25-35 

5.  Chevron  AC-20  Modified 

6.3  Analysis  of  Results 

6.3.1  Statistical  Model 

The  test  results  as  listed  In  Table  6.3  were  analyzed  as  results  of 
a factorial  experiment,  in  a manner  and  using  a model  identical  to  that 
done  In  Section  5.3.1. 

6.3.2  Ketone  Anhydride  Oevelooment  Factor 

In  Section  5.3,  a probability  of  error  (s  level)  of  0.05  was 
used.  However,  in  this  portion  of  Che  study,  considering  the  relative 
Innovation  of  the  methods  adopted,  it  is  more  appropriate  to  use  a lower 
value  of  o.  This  will  ensure  a higher  level  of  confidence  when 
rejecting  the  null  hypothesis.  As  such,  an  o value  of  0.01  was 
adopted.  In  other  words,  the  statement  that  a particular  factor  is 
significant  will  have  a probability  of  error  of  0.01,  thus  rendering  the 
statistical  tests  much  more  conservative. 

AesuHs  of  ANOVA  on  the  data  are  summarized  in  Table  6.4,  from 
where  it  can  be  seen  that  all  main  effects  are  significant  and  the 
interaction  effect  ASPHALT*TEW  Is  significant.  Since  ASPHALT  Interacts 
with  TEMP  (and  not  OVEN),  comparison  of  asphalts  must  be  made  at  each 
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Table  6.4  Results  of  ANOVA  on  Ketone  Anhydride  Development  Factor 


Source  df 
ASPHALT  10 
TEMP  2 
OVEN  1 
ASPHALT*T£MP  20 
ASPHALT'OVEN  10 
TEHP'OVEN  2 
ERROR  20 


”5 

0.02S6 

0.2840 

0.0122 

0.0024 

0.0022 

0.0036 

0.0007 


34.34 

330.41 

16.44 

3.27 

2.94 

4.8S 


0.0001 

0.0001 

0.0006 

0.0066 

0.0192 

0.0192 


R-SQUARE  0.934 
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level  of  temperature,  averaged  over  the  two  types  of  DVEN.  This  was 
done  by  Duncan's  test  at  a level  of  significance  of  0.05.  The  results 
are  sursnarlzed  1n  Table  6.5.  for  convenience  in  presentation,  asphalts 
have  been  coded  as  described  earlier  In  Section  5,3.5, 

From  Table  6.5,  it  can  be  seen  that  the  following  paving  asphalts 
have  a better  Ketone  Anhydride  Development  Factor,  In  that  the  said 
factor  1$  the  lowest,  thereby  possibly  Indicating  better  durability 
and/or  greater  resistance  to  hardening. 

For  Dven  Temperature  of  365*F 

1.  Chevron  AC-20  Modified 

2.  Belcher  AC-30 

3.  Marlani  AC-30 

4.  Texaco  Airblown  85-100 

5.  Boscan  65-100 

6.  Texaco  85-100 

7.  Marathon  AC-30 

for  Oven  Temperature  Of  325*F 

1.  Texaco  Airblown  85-100 

2.  Belcher  AC-30 

3.  Chevron  AC-20  Modified 

4.  Boscan  85-100 

5.  Mariani  AC-30 

For  Oven  Temperature  of  365*F 


Texaco  Airblown  85-100 
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Taels  S.5  Croupfng  of  Asphalts  by  Tenparaturs  on  the  Basis  of  Ketone 
Anhydride  Development  Factor 


TeiD  ZB5*F 

Asphalt:  AH  CH  01  HT  TS  BO  TA  HA  BE  DH  SO 
Means:  1.200  1.170  1.140  1.050  1.100  1.0B5  1.070  1.065  1.055  1.045  1.045 


B B 


TeriD  325°F 

Asphalt:  CH  AH  TX  Dl  HT  MA  BO  DH  BE  TA  SO 

Mean:  1.295  1.280  1.250  1.250  1.200  1.185  1.135  1.120  1.115  1.110  1.110 

A A A A 

B 5 6 B 

D D 0 0 0 0 


BO  W TA 


Mean:  1.490  1.385  1.385  1.355  1.355  1.315  1.315  1.275  1.265  1.255  1.165 


Means  with  the  same  letters 
(alpha  • 0.05) 


significantly  different 
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Since  TEHP  interacts  «1th  ASPHALT  (and  not  OVEN),  comparison  of  TEMP 
means  must  tie  made  seoarately  for  each  ASPHALT,  averaged  over  the 
two  types  of  OVEN.  This,  however  is  not  considered  useful  as  1t  is 
obvious  that  higher  temperatures  would  result  in  increased  levels  of 
oxidation  and  the  differential  would  depend  on  the  asphalt. 

Since  OVEN  does  not  interact  with  either  ASPHALT  or  TEHP,  comparison 
of  OVEN  means  can  be  made  averaged  over  a11  asphalts  and  over  all 
temperature  conditions.  This  was  done  by  Duncan's  test  at  a level  of 
significance  of  0.05.  It  was  seen  that  the  TFOT  and  RTFOT  processes  are 
not  different  from  one  another. 

On  the  basis  of  Tables  5.3,  6.5  and  Figures  6.14  and  6.15,  it  may  be 
concluded  that  Ketone  Anhydride  Development  Factor  is  a suitable  measure 
of  asphalt  hardening,  since  prims  facie,  there  is  correlation  between 
this  factor  and  the  two  parameters  discussed  earlier,  that  is  percent 
Penetration  Retained  and  Absolute  Viscosity  Ratio. 

6.3.3  Correlation  Between  Parameters 

Even  in  the  initial  stages  of  this  study  it  was  apparent  that 
potential  hardening  characteristics  of  asphalts  caused  by  excessive  loss 
of  volatiles  would  possibly  escape  detection  by  methods  such  as  IR 
spectroscopy.  In  order  to  confinn  this  aspect.  Flash  Point  and  Smote 
Point  tests  were  run  on  the  eleven  asphalts.  These  tests  were 
performed  by  the  personnel  of  the  Bureau  of  Materials  and  Research, 
Florida  Department  of  Transportation.  Results  obtained  are  presented  in 
Table  6.6. 

From  Table  6.6,  it  can  be  seen  that  fVnoco  AC-3D  and  Boscan  S5>10D 
have  the  lowest  Smoke  Points  (290  and  270°  F respectively),  as  also  the 
lowest  Flash  Points.  This  property  of  asphalt  could  have  contributed  to 
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Tab1«  6.6  Results  of  Flash  an<j  Smike  Point  Tests 


Chevron  AC- 30 
Belcher  AC-30 


Boscan  85-100 
Chevron  AC-ZO 
Chevron  AC-20  Hod 


350 


290 


3SS 
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380 
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385 


350 

340 


600 

605 

510 

590 

600 

600 

600 

610 

470 

600 

610 


the  hi9h  loss  of  penetration  as  measures  by  percent  Penetratfon  Retained. 
uMch  was  presented  earlier  in  Table  5.S.  It  can  be  seen  that  Boscan  B5- 
100  and  Amoco  AC-30  are  both  1n  the  last  group  (with  high  loss  of  pene- 
tration). Interestingly,  when  considering  Absolute  Viscosity  Ratio  from 
Table  5.13  , Boscan  85-100  still  remains  at  the  end  of  the  spectrum  of 
asphalts  considered  (with  high  Absolute  Viscosity  Ratio),  but  Amoco  AC-30 
moves  into  a median  group. 

While  comparing  the  relative  rating  of  asphalts,  it  is  best  to 
remove  the  anamolous  ones,  i.e.,  those  vdiich  suffer  hardening  due  to  a 
low  Smoke  and  Flash  Point,  and  then  see  whether  there  is  any  association 
between  percent  Penetration  Retained,  Absolute  Viscosity  Ratio  and  Ketone 
Anhydride  Development  Factor,  Table  5.7  presents  comparative  data  at  the 
median  temperature  level  of  32S^F.  Contents  of  Tables  5.8,  5.13,  and  5.5 
have  been  used  to  compile  Table  6.7. 

It  can  be  seen  from  Table  6.7  that  barring  Texaco  85-100  and  Belcher 
AC-30,  there  is  a certain  measure  of  correlation  between  the  three 
parameters.  Using  Spearman's  coefficient  of  rank  correlation  method, 
coefficients  of  correlation  were  calculated  between  each  pair  of  the 
three  different  parameters.  The  coefficients  of  correlation  between 
Absolute  Viscosity  Ratio  and  KADF,  between  Absolute  Viscosity  Ratio  and 
Percent  Penetration  Retained,  and  between  KADF  and  Percent  Penetration 
Retained  were  0.49,  0.43  and  0.67  respectively. 

Although  this  method  has  drawbacks,  it  is  very  handy  tor  obtaining  a 
quick  approximate  estimate  of  the  coefficient  of  correlation.  The 
results  indicate  that  the  best  correlation  exists  between  Ketone 
Anhydride  Development  Factor  and  percent  Penetration  Retained,  with  a 
coefficient  of  correlation  of  0.67. 
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Table  6.7  Conparatlve  Rating  of  Asphalts  Based  on  Penetration, 
Absolute  Viscosity  and  Spectral  Keasurement 


Viscosity  TA  TX  50  NA  OH  DI  KT  BE  CH 
Ratio 


Annydn'de  SO  TA  BE  ON  KA  KT  01  TX  CH 
Oevelopment 


DM  HA  01  CH  BE  HT  TX 
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6.3.4  Effect  of  Lci»  Smoke  Point 

As  Brought  out  earlier,  a low  Smoke  Poitit  would  result  In  hardening 
which  may  or  may  not  be  attributable  to  the  base  constituents  1n  the 
asphalt.  For  example,  Boscan  S5-100  and  Amoco  AC-30  both  have  the 
greatest  penetration  losses  and  appear  in  the  last  group  In  Table  5.6. 
Interestingly,  In  Table  6.5,  Amoco  goes  back  Into  the  lower  group  when 
considering  Ketone  Anhydride  Enhancement  Factor,  whereas  Boscan  appears 
In  the  desirable  group  having  the  better  test  results. 

The  above  observation  may  Indicate  that  Boscan  65-100  hardens 
primarily  because  of  rapid  loss  of  the  volatile  constituents,  whereas 
Amoco  AC-30,  in  contrast,  hardens  partly  due  to  volatiles  lost  and  partly 
due  to  changes  In  the  chemical  structure  of  the  hydrocarbon  compounds. 

6,4  Summary  of  Findings 

The  major  findings  from  the  results  of  the  spectral  studies  are 
summarized  as  follows: 

1.  It  Is  possible  to  express  the  level  of  oxidation  as  a ratio  of 
two  absorbances,  one  corresponding  to  the  peak  at  1700  cm'^,  which  Is  due 
to  the  formation  of  ketones  and  anhydrides,  and  the  other  corresponding 
to  the  peak  at  1600  cm*^,  which  is  fairly  constant  and  due  to  aromatic 
carbon-carbon  double  bonds.  This  ratio  of  absorbances  may  be  referred  to 
as  Carbonyl  Ratio  at  1700  cm"^. 

2.  In  order  to  follow  changes  in  the  level  of  oxidation,  a factor 
may  be  used  which  is  obtained  by  dividing  the  ratio  of  absorbance  at  1700 
cm"^  for  the  aged  asphalt  residue  by  the  ratio  of  absorbance  at  1700  cm’* 
for  the  original  asphalt.  This  factor  may  be  termed  as  Ketone  Anhydride 
Development  Factor,  which  Increases  with  increasirg  levels  of  oxidation. 
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3.  On  tne  basis  of  Ketone  Anhydride  Development  Factor,  TFOT  and 
RTFOT  are  not  different  from  one  another. 

4.  When  Ketone  Anhydride  Development  Factors  are  used  to  give 
relative  ratings  to  asphalts,  using  a different  oven  temperature  can 
produce  different  results. 

5.  Differences  in  asphalts  of  comparable  grade,  vhen  evaluated  by 
Duncan’s  test,  tend  to  maxlmlte  as  the  oven  temperature  increases  on  the 
basis  of  Ketone  Anhydride  Development  Factors. 

6.  At  an  oven  temperature  of  325°F,  a positive  correlation  exists 
between  Ketone  Anhydride  Development  Factor  and  percent  Penetration 
Retained,  with  a coefficient  of  correlation  of  0.67.  Correlation  between 
Ketone  Anhydride  Development  Factor  and  Absolute  Viscosity  Ratio  was 
lower  at  0.49  and  correlation  between  Absolute  Viscosity  Ratio  and 
percent  Penetration  Retained  was  the  least  with  a value  of  D.43.  All 
correlations  above  exclude  asphalts  which  have  a smoke  point  less  than 
300"F. 

7.  Considering  the  low  levels  of  absorbance  recorded.  It  Is 
considered  appropriate  to  use  a sealed  cell  with  a greater  path  length. 
This  would  Increase  the  absorbance  and  also  Improve  the  signal >to-no1se 


CHAPTER  7 

RESULTS  OF  MIXTURE  STRENSTH  TESTS 
7.1  Introductfon 

An  experimental  program  to  assets  the  effects  of  different  aging 
conditions  on  strength,  nodjli  and  energy  using  50-blow  Marshall  com- 
pacted specimehs  was  devised  and  performed.  Details  have  been 
oreviously  presented  In  Chaoter  4. 

The  specific  objectives  of  the  experiment  were  as  follows; 

1.  Perform  Indirect  Tensile  and  Resilient  Moduli  Tests  for  evalua- 
tion of  age  hardening  effects  on  the  tensile  strength  and  resilient 
moduli. 

2.  Evaluate  Fracture  Energy  and  determine  the  effect  of  age 
hardening. 

3.  Conduct  statistical  analyses  to  establish  the  significance  and 
relationships  between  test  parameters.  This  will  be  done  by  performing 
analyses  of  variance  and/or  regression  analyses.  Specifically,  the 
analyses  will  establish  relationships  and/or  determine 

(al  differences  between  the  effects  of  the  three  exposure  test 
conditions. 

(bl  differences  between  asphalts  in  their  properties  and 
response  to  age  hardening. 
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7.2  Results 

Results  of  toe  lodlrect  Tensile  Test  by  esphelt,  type  of  exposure 
and  duration  of  exposure  are  tabulated  In  Appendix  B-1.  The  results  are 
presented  on  ten  pages,  one  page  corresponding  to  each  of  the  asphalts 
tested.  Test  results  Include  data  on  each  replicate  tested  as  also  the 
average  of  the  three  replicates  tested  for  each  type  and  duration  of 
exposure. 

Results  of  the  Resilient  Hodulus  Test  vrlth  respect  to  the  four 
asphalts  tested  I.e.,  Mariam  AC-30,  Amoco  AC-30,  Chevron  AC-20  and 
Chevron  AC-20  Modified,  have  been  tablulated  In  Appendix  B-2. 

The  results  are  presented  separately  for  the  two  types  of  exposure 
conditions  viz  oven  and  ultraviolet.  The  tabulation  Includes  data  on 
Instantaneous  recoverable,  total  recoverable  and  total  defomatlons  as 
also  moduli  calculated  both  on  the  basis  of  Instantaneous  and  total  re- 
coverable deformations.  Test  results  cover  data  on  each  replicate 
tested,  average  values  of  moduli  and  measured  deformations  along  the  two 
directions  In  which  the  specimens  were  tested. 

Computed  values  of  Fracture  Energy,  with  respect  to  the  four 
asphalts  on  which  the  modulus  tests  were  conducted,  are  presented  In 
Appendix  B-3.  Test  results  Include  data  on  each  replicate  tested  as 
also  the  average  of  the  three  replicates  tested  for  each  type  and 
duration  of  exposure. 

7,3  Analysis  of  Results 
7.3.1  Indirect  Tensile  Test 

7. 3. 1.1  Statistical  Model.  The  test  results  as  tabulated  In  Appen- 
of  a factorial  experiment  comprising  of 


analyzed  as  results 


e1gnt  ajptialts  (ASPHALTS),  (since  the  scope  of  the  experiment  was  abria- 
gea  with  respect  to  two  asphalts  i.e..  Chevron  AC-2C  and  Chevron  AC>?0 
Modified,  in  that  specimens  corresponding  to  these  two  asphalts  were  not 
subjected  to  exposure  in  the  Forced  Draft  environment,  data  on  these  two 
asphalts  were  excluded  from  the  analysis  of  variance,  resulting  in  data 
pertaining  to  eight  ASPHALTS),  three  conditions  of  exposure  (EXPOSURE) 
and  five  levels  of  duration  of  exposure  (DURATION).  ASPHALT,  EXPOSURE 
and  DURATION  are  regarded  as  fixed  effects  (as  opposed  to  random 
effects)  since,  in  this  study,  concern  is  only  in  the  chosen  asphalts, 
conditions  of  exposure  and  durations  of  exposure.  The  experiment  has 
360  treatment  combinations. 

The  following  linear  model  is  assumed  for  any  single  measurement  in 
the  experiment: 

’ijU  - mr  A,  mCk  m (A0),j  v (AC),^ 

V (BC)jk  * (ABC),^i,  r (7.1) 

A(  = effect  of  the  1*’’  asphalt. 

Bj  * effect  of  the  j^^  exposure  condition. 

C|j  • effect  of  the  exposure  duration. 

(A8)(j  ■ joint  effect  of  the  1*'’  asphalt  and  j*”  exposure 
condition. 

(AC)^ij  • joint  effect  of  the  i*^  asphalt  and  exposure 
duration. 

(BC)jt  ■ joint  effect  of  the  exposure  condition  and  k*** 
exposure  duration. 
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(ABC)^j(.i  ’ Joint  effect  of  the  i'"  asphalt,  j'**  eiposure 
condition  and  exposore  duration  on  the  1^*' 
replicate. 

7.3.I.?  Analysis  of  Variance.  Analysis  of  variance  {AKOVA)  «as 
performed  on  the  test  data  using  SAS/STAT  computer  software.  Results  of 
AhDVA  on  the  Indirect  Tensile  Test  data  are  sunmariaed  in  Table  7.1.  A 
probability  or  error  (a  level)  of  0.05  was  used,  which  corresponds  to  a 
95  percent  level  of  confidence.  All  main  effects  and  interaction 
effects  given  in  Table  7.1  are  significant,  since  the  P values  are  less 
than  0.05.  It  therefore  follows  that; 

1.  Comparison  of  ASPHALT  must  be  made  at  each  EXPOSURE,  for 
each  level  of  DURATION. 

2.  Conparison  of  EXPOSURE  must  be  made  by  ASPHALT,  for  each 
level  of  DURATION. 

3.  Comparison  of  level  of  DURATION  must  be  made  for  each 
EXPOSURE,  for  ASPHALT  separately. 

7,3.1. 3 Comparison  of  Weans.  Items  1 and  2 are  of  greater  interest 
than  3 because  the  effects  produced  by  long-term  aging  conditions  are  of 
primary  Interest.  Conseduently,  effects  at  the  90  day  DURATION  were 
subjected  to  a detailed  study  In  preference  to  those  at  shorter  dura- 
tions of  exposure.  A comparison  of  means  for  EXPOSURE,  for  each  ASPHALT 
at  90  days  DURATION  was  performed  using  Duncan's  test  at  a level  of  sig- 
nificance of  0.05.  The  results  are  summarized  in  Table  7.2.  Similarly, 
a confiarlson  of  means  for  ASPHALT,  for  each  EXPOSURE  at  90  days  DURATION 
was  performed  using  Duncan's  test,  at  the  same  level  of  significance. 
These  results  ore  summarized  in  Table  7.3. 
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Tabla  7.1  Sasult  of  ANOVA  o"  Indirect  Tensile  Strength 


ASPHALT 

EXPOSURE 

DURATION 

ASPHALT  * EXPOSURE 
ASPHALT  • DURATION 
EXPOSURE  • DURATION 
ASPHALT  * EXP  • DUR 
ERROR 


df  HS 

7 73177.21 

2 1609. 4S 

4 77420.74 

14  194.95 

28  E3S.96 

8 340.50 

56  122.61 

240  69.75 


0.0001 

0.0001 

0.0001 

0.0007 

0.0001 

0.0001 

0.0020 
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Table  7.2  Grouping  of  Type  of  Exposure  by  Asphalt  for  90  Day  Duration 
on  the  Basis  of  Indirect  Tensile  Strength 


Asphalt 


Code 


Forced  Draft 


Heans  (psi) 
Ultraviolet 


CH  199.23  (A) 
BE  202.63  (A) 
AM  229.56  (A) 
HA  231.26  (A) 
T*  225.68  (A) 
TA  131.80  (A) 
SO  316.84  |A) 
30  197.06  (A) 
01  Not  Tested 
DM  Not  Tested 


183.75  (B)  IBS. 66  (B) 
199.23  (A)  1B5.13  (A) 
226.21  (A)  223.85  (A) 

203. 9B  (A)  210.21  (A) 
206.03  (B)  209.45  (S) 
112.77  (A)  121.16  (A) 

277.97  (8)  302.28  (A)  (B) 
193.80  (A)  202.46  (A) 

198.97  (A)  202.15  (A) 
185.16  (A)  184.46  (A] 


significantly  different 
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Table  7.3  Grouping  of  Asphalts  by  Type  of  Exposure  for  90  Day  Duration 
on  the  Basis  of  Indirect  Tensile  Strength 


Asphalt  Code:  SO  HA  AH  TX  BE  CH  BO  TA 

Means  (psi):  316.84  231. 26  229.56  225.68  202.63  199.23  197.06  131.80 
Group:  ABBBCCCD 


Oven 

Asphalt  Code:  SO  AH  HA  TX  BO  CH  BE  TA 

Heans  (psi):  302.26  223.85  210.21  209.45  202.46  185.66  185.13  121.16 
Group:  ABBBDDDE 

C C C 

Asphalt  Code:  01  OH 

Heans  (psi):  202.16  1B4.46 
Group;  A A 

Ultraviolet 

Asphalt  Code:  SO  AH  TX  HA  BE  BO  CH  TA 

Heans  (psi);  277.97  226.21  206.03  203.98  199.23  193.80  183.75  112.77 
Group:  A B C C C C 

0 0 D E 

Asphalt  Code:  01  DH 

Heans  (psi):  198.97  185.16 


(^pha  "'o.OS). 


significantly  different 
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To  differentute  between  Chevron  AC-20  and  Chevron  AC-20  Hodified 
on  the  basis  of  Indirect  Tensile  Strength,  a separate  comparison  of 
means  was  performed  for  the  90  day  data.  These  results  have  also  been 
Included  in  Tables  7.2  and  7.3. 

7. 3. 1.4  Regression  Analysis.  Preliminary  analyses  revealed  that  a 
relationship  defined  by  the  following  mode!  would  best  fit  the  data. 

Dependent  Response  “ “^^ys)  + Sjdog^Q  days)^ 

• Random  Error  (7.2) 

On  this  basis,  data  In  Appendix  B-1  was  used  to  plot  relationships  be- 
tween Indirect  Tensile  Strength  and  duration  of  exposure  (log  scale)  far 
each  type  of  exposure,  by  asphalt  and  are  presented  in  figure  7.1. 

Since  the  regression  equations  would  be  useful  in  relating  respbnse 
due  to  aging  in  the  laboratory  with  response  of  samples  aged  on  the 
roof,  it  was  considered  appropriate  to  regress  the  data  for  each  asphalt 
but  not  by  type  of  exposure.  In  other  words,  one  equation  per  asphalt 
was  sought,  regardless  of  exposure  type.  Such  an  equation  represents  an 
average  effect  of  the  three  types  of  exposure. 

Using  SAS/STAT  software,  regression  analyses  resulted  in  coeffi- 
cients presented  in  Table  7.4. 

7. 3.1.9  General  Observations  and  Findings.  Considering  the  signi- 
ficance (a  > 0.0b)  of  asphalt,  duration  and  type  of  exposure  as  also 
their  interaction,  it  can  be  stated  that  strength  response  is  a function 
of  all  three  variables  independently  as  also  in  combinations  of  these 
variables.  Comparison  of  means  done  at  a 90  day  DURATION  indicate  that: 

1.  Forced  draft  exposure  results  in  a significantly  higher 

strength  (o  « 0.05)  over  that  caused  by  ultraviolet  or  oven  with 
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7.4  degression  Coefficients  for  Relation  Between  Indirect 
Tensile  Stnengtb  and  Duration  of  Exposure 


Asphalt 

Code 


CH 

BE 


EO 

60 


114.61  -1.344  E0.E6D 
119.71  -0.223  20.036 
129.11  12.544  18.566 
143.60  -4.948  21.147 
131.99  4.657  13.339 
82.25  5.079  7.647 
202.96  21.896  13.742 
112.93  -9.762  26.890 


0.95 

0.91 


0.89 

0.76 

0.87 


‘ »0  * “l  '’®Sl0  '■*>'*>  * ®2 


Indirect  Tensile  Strength 


days) 


1(3 

respect  to  the  following  asphalts: 

(a)  Chevron  AC-30 

(b)  Texaco  SS-100 

2.  Effects  caused  by  ultraviolet  and  oven  are  about  the  sane. 

3.  On  the  basis  of  forced  draft  exposure,  it  is  seen  that  Mariani 
AC-30  and  Amoco  AC-30  result  in  higher  strengths  compared  to 
Belcher  AC-30  and  Chevron  AC-30  (o  = 0.05). 

A.  On  a similar  basis,  it  is  seen  that  Texaco  85-100  results  in 
higher  strength  than  Boscan  65-100,  which  in  turn  is  higher 
than  Texaco  Airblown  8S-100. 

5.  The  relationship  between  Indirect  Tensile  Strength  and  duration 
of  exposure  in  days  can  be  defined  by  a polynoninal  expression 
of  the  second  order,  the  independent  variable  being  the  common 
logarithm  of  the  number  of  days.  R-Sguare  values  range  from 

7.3.?  Resilient  Modulus  Test 

7.3. ?.l  Deformation.  Tabulated  results  In  Appendix  B-3  were  used 
to  develop  relationships  between  the  horieontal  deformation  and  duration 
of  exposure  for  the  four  asphalts  and  the  two  types  of  exposure  (oven 
and  ultraviolet).  Deformations  were  measured  corresponding  to  both  in- 
stantaneous and  total  recoveries  as  also  the  total  deformation  including 
the  non-recoverable  component.  Recoverable  deformations  were  included 
in  the  plots  and  developed  relationships,  which  are  presented  as  figure 
7.?. 

7.3. ?.?  Modulus.  Similarly,  relationships  were  plotted  between 
Resilient  Modulus  (psi)  and  duration  of  exposure  for  the  four  asphalts 


IM 


(S3H3NI-Oa01W)  N0IiVWa0J30  iN3IlIS3a 


OVEN  EXPOSURE  (DAYS) 


*C-30  IlnsI  Recover/I  o Hariani  HC-30  llrKt  Recoveryl 

AC-30  ITot  Recover)'l  ■ flerianl  AC-30  ITot  Recovery) 


(S3WKi-oaoiw)  Noiivwaod3a  iN3nis3a 


(S3H3NI-0a0IW)  NOUVWaDJBQ  iN3niS3a 


i67 


(SBHDNI-OaCIW)  NOIiVWaOJBQ  iNBlIISBa 
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and  txa  t«o  types  of  exposure,  ModuH  relatfonsntps  corresponding  to 
both  instantaneous  and  total  recoveries  are  presented  in  Figure  7.8. 

7. 3.8. 3 degression  Equations.  Data  for  the  four  asphalts  were 
regressed  using  the  following  model: 

Dependent  Response  » 8,  ♦ ftj  (days)  + Random  Error  (7.3) 
This  model  was  chosen  after  examining  other  options.  The  analysis  was 
done  with  data  corresponding  to  instantaneous  and  total  redovery,  for 
each  type  of  exposure,  all  separately.  Using  SAS/STAT  software,  the 
analysis  resulted  in  coeffioients  presented  in  Table  7,5. 

7. 3. 8, a General  Observations  and  Findings.  Trends  in  the  plotted 
relationship  between  horizontal  deformation  and  duration  of  exposure,  as 
shown  in  Figure  7,2  indicate  that 

1.  As  the  asphalt  hardens,  deformations  decrease  and  differences 
between  total  deformation  and  total  recoverable  deformation 
decrease.  In  other  words,  the  magnitude  of  the  creep  component 
is  reduced  as  viscosity  increases.  This  behavior  is  reasonable 
and  as  anticipated. 

2.  Differences  In  the  deformation  characteristics  of  comparable 
asphalts  diminish  with  increased  durations  of  exposure. 

3.  Chevron  AC-80  Modified  in  comparison  to  Chevron  AC-80,  exhibits 
greater  recoverable  and  total  deformations. 

A.  Ultraviolet  and  oven  exposures  result  in  a generally  similar 
pattern  of  responses. 

Trends  in  the  plotted  relationship  between  Resilent  Modulus  and 
duration  of  exposure  as  shown  in  Figure  7.3  indicate  that 
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(isd  X ooon  smnooN  iN3iiiS3a 
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1?3 


Modulus  and  Duration  of  Exposure 


Type  of 
Exposure 


Instantaneous 


Total 

Recovery 


296E33  399.96  0.61 
296762  647.69  0.47 
286786  644.82  0.63 
287976  745.02  0.73 
2S0624  560.20  0.37 
282160  444.35  0.59 
261616  527.10  0.81 
275358  432.53  0.46 


185934  560.35  0.76 
190178  688.12  0.59 
192220  556.12  0.87 
191028  615.34  0.83 
187681  568.19  0.84 
186817  434.88  0.80 
158401  721.62  0.96 
169280  575.77  0.62 
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1.  As  the  esDhalt  hardens,  the  Modulus  increases. 

2.  Chevron  AC-20  in  cofiparison  to  Chevron  AC-20  Modified  gave 
higher  values  of  Moduli. 

3.  Ultraviolet  and  oven  exposures  result  in  a generally  similar 
pattern  of  responses. 

The  relationship  between  Resilient  Modulus  and  duration  of  exposure 
in  days  can  be  defined  by  a linear  relationship,  the  independent  vari- 
able being  the  number  of  days.  R-Square  values  range  from  0.37  to  D.Sl 
for  Moduli  based  on  instantaneous  recovery  and  0.S9  to  0.96  for  values 
using  total  recovery, 

7.3.3  Fracture  Cnerqy 

Tabulated  results  in  Appendix  B-3  were  used  to  develop  relation- 
ships between  Che  Fracture  Energy  (Pascals]  and  duration  of  exposure  for 
the  four  asphalts  and  the  two  types  of  exposure  (oven  and  ultraviolet). 
Preliminary  analyses  revealed  that  a relationship  defined  by  the  follow- 
ing model,  would  best  fit  the  data 

Dependent  Response  * 4g  a B|  (days)  * 3^  (<l4ys)^ 

+ Random  Error  (7.4) 

The  model  defined  by  Equation  7.4  was  used  in  the  data  and  the  in- 
dividual relationships  were  plotted  and  regressed  as  shown  in  Figure 
7.4.  Regression  coefficients  fon  relationships  between  Fracture  Energy 
and  duration  of  exposure  in  Table  7.6. 

Trends  in  the  plotted  relationship  between  Fracture  Energy  and 
duration  of  exposure  as  shown  in  Figure  7.4  indicate  that; 

1.  As  the  asphalt  hardens,  energy  values  tend  to  increase  up  to  a 


dec rease. 
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Figure  7.4 


Relatic 


Energy  and  Du 
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Tabl6  7.6  Regression  Coefficients  for  Relation  Between  Fracture 
Energy  and  Duration  of  Exposure 


Asphalt  Exposure 


AH  Oven  3033.89 
AM  UV  294B.07 
HA  Oven  2911.66 
HA  UV  301S.2B 
01  Oven  2421.20 
01  UV  2421.20 
OK  Oven  1710.70 
OH  UV  1710.70 


7.713  0.0164  0.66 
13.600  -0.0416  0.73 
7.252  -0.0359  0.22 
8.299  -0.0643  0.18 
10.886  -0.0574  0.64 
8.421  -0.0456  0.86 
20.491  -0.1042  0.85 
35.534  -0.2543  0.92 


Note; 


Fracture  Energy 


{days)  V 82  (days)' 


177 

2.  Since  the  tests  were  mn  at  77*  F (2S°  C],  such  a trend  agpears 
reasonable.  Should  the  tests  be  run  at  tenoeratures  lesser 
than  77®  F (25®  C),  it  is  likely  that  the  decreasing  trend 
Mould  manifest  sooner  in  the  aging  period.  In  other  words, 
decreasing  trends  are  likely  even  when  the  asphalt  just  starts 
to  harden. 

3.  Mixes  made  with  taoco  MI-30  have  greater  Fracture  Energy  at  90 
days  aging  for  both  oven  and  ultraviolet  exposures  in  compari- 
son to  those  made  with  HarianI  AC-30. 

4.  Similarly,  the  Chevron  AC-20  mixes  have  marginally  higher  Frac- 
ture Energy  at  90  days  as  compared  to  those  made  with  Chevron 
AC-20  Hodified.  However,  In  the  initial  stages  of  hardening, 
there  is  considerable  difference  in  the  energy  levels  of  the 
two  asphalts,  the  Modified  asphalt  generating  very  1dm  energy. 

5.  At  a level  of  exposure  of  90  days,  oven  and  ultraviolet 
exposures  result  in  a generally  similar  pattern  of  responses. 

The  relationship  between  Fracture  Energy  and  duration  of  exposure 
in  days  can  be  defined  by  a polynominal  expressibn  of  the  second  order, 
the  independent  variable  being  the  number  of  days.  R-Square  values  vary 
from  0.18  to  0.92,  the  two  lowest  values  of  0.16  and  0,22  pertaining  to 
Kariani  AC-30.  Otherwise,  the  variation  is  between  0.64  to  0.92.  Low 
6-Square  values  in  respect  of  Kariani  AC-30  have  been  caused  by  a high 
variation  between  replicate  samples. 


CHAPTER  8 

RESULTS  OF  CONSiSTEKCY  ANU  RHEOLOGY  TESTS  ON  RECOVERED  ASPHALT  RESIDUES 
8.1  !ntrofluet1&n 

An  experimental  program  to  assess  the  effects  pf  different  aging 
conditions  on  Absolute  Viscosity  at  140'  F (60'  C),  Penetration  at  77'  F 
(25'  C)  and  viscosities  at  a constant  power  (j)  of  100  U/m^  at  77"  F 
(25'  C)  and  59'  F (15'  C),  was  devised  and  performed.  Refer  to  Sections 
3.5  and  4.2.8. 

The  specific  objectives  of  tne  experiment  were  as  follows; 

1.  Perform  tests  on  the  recovered  asphalt  residues  to  determine 
Absolute  Viscosity  at  140'  F (60'  C)  and  Penetration  at  77'  F 
[25'  C),  for  evaluation  of  age  hardening  effects  on  the  consis* 
tency  of  asphalts. 

2.  Perform  Schweyer  Rheometer  Tests  on  the  recovered  ashpalt 
residues  to  determine  viscosities  at  a constant  power  of  100 
M/m^  at  two  temperatures,  77°  F (25'  C)  and  59°  F (15'  C),  for 
evaluation  of  age  hardening  effects  with  reference  to 
temperature  conditions. 

3.  Conduct  statistical  analyses  to  establish  the  significance  and 
relationship  between  test  parameters.  This  will  be  done  by 
performing  analyses  of  vaniance  and/or  regression  analyses. 
Specifically,  the  analyses  will  establish  relationships  and/or 
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(a)  differences  between  the  effects  of  the  three  exposure 
test  conditions. 

(b)  differences  between  asphalts  in  their  properties  and 
response  to  age  hardening. 

a.?  Besults 

Results  of  the  Absolute  Viscosity  Tests  by  asphalt,  type  of  ex- 
posure and  duration  of  exposure  are  tabulated  in  Appendix  C-1.  Results 
of  the  Penetration  and  Rheometer  Tests  have  been  tabulated  in  Appendix 
C-2.  The  results  are  presented  on  ten  pages,  one  page  corresponding  to 
each  of  the  asphalts  tested.  Test  results  include  Constant  Power  Vis- 
cosities (oj ) at  two  temperatures  and  corresponding  values  of  Shear 
Susceptibility  (C). 

Test  measurements  are  made  one  per  sample  residue  i.e.,  with  single 
replicate.  Although  the  Marshall  specimens  were  fabricated,  aged  and 
tested  for  strength  in  replicates  of  three,  recovery  of  asphalt  from  the 
replicate  was  done  as  a single  combined  residue,  the  sample  representing 
an  average  of  the  effects  on  the  asphalt  in  the  individual  specimens 
comprising  the  replicates.  This  was  necessitated  by  resource 
constraints. 

Effects  of  the  three  exposure  conditions  and  durations  of  exposure 
of  Absolute  Viscosity  and  Penetration  are  presented  in  the  form  of  bar 
charts  in  Figures  8.1  and  B.2  respectively,  one  chart  corresponding  to 
each  of  the  asphalts. 
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B.3  AralysH  of  Results 

8.3.1  Absolute  KUcosity  Test 

8.3. 1.1  Statistical  Modal.  The  test  results  as  tabulated  In  Appen- 
dix C-1  were  analyzed  in  a manner  similar  to  that  described  in  Section 

7.3. 1.1  ante.  In  consideration  of  the  fact  that  only  single  replicate 
measurements  were  made,  the  following  linear  model  is  assumed  for  any 
single  measurement  in  the  experiment: 

r Sj  * Cfc  ♦ + (AC), I, 

• (BC)j,  (8.1) 

effect  of  the  i^''  asphalt 

effect  of  the  J**'  exposure  condition 

effect  of  the  exposure  duration 

joint  effect  of  the  i^^  asphalt  and  exposure 
condition 

joint  effect  of  the  i^*’  asphalt  and  exposure 
duration 

joint  effect  of  the  j^*'  exposure  condition  and  k*'' 
exposure  duration 
random  error 

8. 3. 1.3  Analysis  of  Variance.  ANOVA  was  performed  on  the  test 
results  using  SAS/STAT  computer  software.  Results  of  ANOVA  are 
sumnarized  in  TaOle  8.1.  A probability  of  error  (o  level)  of  0.08  was 
used  which  corresponds  to  a 9S  percent  level  of  confidence.  Only  the 
main  effect  DURATION  is  significant,  and  all  other  main  and  interaction 
effects  are  not.  It  there  follows  that: 


“j 

Cj 

(AB),j 

(«)ik 

‘ijk 
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Table  8.1  Result  of  ANOVA  on  Absolute  Viscosity 


Of 


ASPHALT  7 
EXPOSURE  2 
OURATION  4 
ASPHALT  • EXPOSURE  14 
ASPHALT  • DURATION  28 
EXPOSURE  • DURATION  8 
ERROR  S6 


7.35E*10 

6.26E*10 

1.14E*11 

4.14E*10 

4.83E«10 

6.04E*10 

4.11E«10 


0.1073 

0.2264 

0.03S0 

0.4S82 

0.2968 

0.1886 
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1.  Since  ASPHALT  does  not  interact  «iith  tne  other  two  factors,  the 
effects  of  asphalts  can  be  compared  by  cooiparing  the  mean  re> 
sponses  for  the  eight  asphalts,  averaged  over  the  other  two 

2.  Since  EXPOSURE  does  not  interact  with  the  other  two  factors, 
the  relative  effects  caused  by  the  three  conditions  of  exposure 
can  be  assessed  by  comparing  the  mean  responses  for  the  three 
conditions,  averaged  over  the  other  two  factors. 

6. 3. 1.3  Comparison  of  Means.  A conparispn  of  means  for  ASPHALT 
averaged  over  the  other  two  factors,  was  performed  using  Duncan's  test 
at  a level  of  significance  of  0.08.  The  results  are  sumrarieed  in  Table 
3.2.  Similarly,  a comparison  of  means  for  EXPOSURE  averaged  over  the  other 
two  factors,  was  performed.  These  results  are  sumrariaed  in  Table  8.3. 

To  differentiate  between  Chevron  AC-20  and  Chevron  AC-20  Modified, 
a separate  comparison  of  means  was  performed.  The  result  has  also  been 
included  in  Table  8.2. 

8. 3. 1.4  Regnessior  Analysis.  Preliminary  analysis  revealed  that  a 
relationship  defined  by  the  following  model  vKuld  best  fit  the  data. 

logjfl  {Dependent  Response)  • ♦ B|  (days) 

* Random  Error  (8.2) 

On  this  basis,  data  in  Appendix  C-1  was  used  to  plot  relationships 
between  Absolute  Viscosity  at  140°  E (60°  C),  expressed  in  Pa.s  (log 
scale)  and  duration  of  exposure,  for  each  asphalt  separately.  These  are 
presented  in  Figure  8.3,  wherein  regression  lines  represent  an  average 
effect  of  the  three  types  of  exposure. 

Using  SAS/STAT  software,  regression  analysis  resulted  in  coeffi- 
cients presented  in  Table  8.4. 
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Table  8.2  Sroiiping  of  Asphalts  on  the  Basis  of  Absolute  Viscosity 


Asphalt  Means 
Code  (Poises) 

SO  2159S1 
AM  39219 
CH  32641 
BO  27419 
BE  22408 
MA  17260 
n 4751 
TA  4003 


Grouping 


6 

B 


DM  23260  0 

DI  14562  C 

Keans  with  the  sane  letter  are  not  significantly  different 
(alpha  • 0.05). 
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Table  8.3  Grouping  of  Exposure  Type  on  the  Basis  of  Absolute  Viscosity 


Exposure 

(Poises)  Grouping 

Forced  Draft 

9110E  A 

Ultravi ol et 

24463  A 

Oven 

20810  A 

^ (alpha  " 0.05). 

ne  letter  are  not  significantly  different 
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« 'dl  UI509SIA 


l<  *dl  UIS03SIA 
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UIS03SU 


S.4  Regression  Coefficients  for  Relation  Between  Absolute 
Viscosity  and  Duration  of  Exposure 

Aspbal t 


CH  4.07 
BE  4.01 
AH  3.92 
HA  3.97 
T*  3.45 
TA  3.40 
SO  4.52 
BO  4.03 
01  3.89 
OH  3.90 

logjg  (Absolute  Viscosity)  ■ 


0.010  0.95 
O.OOB  0.87 
0.011  0.76 
0.007  0.89 
0.006  0.91 
0.006  0.98 
0.012  0.68 
0.010  0.96 
0.007  0.94 
0.011  0.91 


Bo  Bj  (Exppsure  In  Days) 
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6. 3.1.5  General  Observat^oris  and  Findings.  Results  of  RNOVA 
Inaicete  that  only  the  sisln  effect  DURATION  fs  significant  (o  ' O.OS). 
Comparison  of  means  Indicate  that 

1.  Measurements  of  Absolute  viscosity  do  not  reveal  differences 
between  the  three  types  of  exposure  {o  « 0.05). 

2.  It  is  seen  that  Esso  25-35  stands  significantly  different 
(a  • 0.05]  compared  to  the  other  asphalts  on  the  basis  of 
Absolute  Viscosity. 

The  relationship  between  Absolute  Viscosity  and  duration  of 
exposure  in  days  can  De  defined  Dy  a linear  expression,  the  dependent 
variable  being  the  common  logarithm  of  Che  Absolute  Viscosity.  R-Souare 
values  range  from  0.68  (for  Esso  25-35)  to  0.98  (for  Texaco  Airblown  85- 

B.3.2  Penetration  Test 

8.3.2. 1 Statistical  Model.  The  test  results  from  Appendix  C-2  were 
analyaed  in  a manner  similar  to  that  done  for  Absolute  Viscosity  in 
Section  8. 3. 1.1. 

8. 3.2.2  Analysis  Of  Variance.  ANOVA  was  performed  on  the  test 
results  using  SAS/STAT  software.  Results  of  ANOVA  are  suimarieed  in 
Table  8.5.  A probability  of  error  (o  level)  of  0.05  was  used,  which 
corresponds  to  a 95  percent  level  of  confidence.  A11  main  effects  and 
the  ASPHALT  • DURATION  interaction  effect  are  significant.  It  therefore 

1.  Since  the  factor  ASPHALT  interacts  with  the  factor  DURATION,  it 
is  appropriate  to  compare  the  ASPHALT  means  separately  for  each 
DURATION,  averaged  over  Che  factor  EtPOSURE,  However,  the 
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Table  6.S 


Result  of  ANDVA  on  Penetration 


Source  df 
ASPHALT  7 
EXPOSURE  2 


DURATION  4 
ASPHALT  * EXPOSURE  14 
ASPHALT  • DURATION  28 
EXPOSURE  • DURATION  8 
ERROR  56 


MS  F-Value 

1970.37  216.77 

58.80  6.44 

1867.45  204.50 

7.04  0.77 

32.31  3.54 

10.23  1.12 

9.13 


0.0001 

0.0030 

0.0001 

0.6949 

0.0001 

0.3643 


197 


effects  produced  by  long-term  aging  being  of  primary  interest, 
comparisons  may  be  restricted  to  the  90  day  duration. 

2.  Since  EXPOSURE  does  not  interact  with  the  other  two  factors, 
the  relative  effects  caused  by  the  three  conditions  of  exposure 
can  be  assessed  by  comparing  the  mean  responses  for  tne  three 
conditions,  averaged  over  the  other  two  factors. 

6.3.2. 3 Comparison  of  Weans.  A comparison  of  means  for  ASPHALT,  at 
a DURATION  of  90  days,  averaged  over  the  factor  EXPOSURE  was  performed 
using  Duncan's  test  at  a level  of  significance  of  O.OS.  The  results  are 
summarized  in  Table  8.6.  Similarly,  a comparison  of  means  for  EXPOSURE, 
averaged  over  the  other  two  factors,  was  performed.  These  results  are 
sunvnarized  in  Table  8.7. 

To  differentiate  between  Chevron  AC-20  and  Chevron  AC-20  Hodified, 
a separate  comparison  of  means  was  performed.  These  results  have  also 
been  included  in  Table  8.6. 

6.3. 2. 4 Reqresstdn  Analysis.  Preliminary  analyses  revealed  that  a 
relatidnship  defined  by  the  following  model  would  best  fit  the  data. 

Dependent  Respdnse  * 8q  f (days)  * 3^  (deys)^ 

♦ Random  Error  (8.3) 

On  this  basis,  data  in  Appendix  C-2  was  used  to  plot  relationships  be- 
tween Penetration  and  duration  of  exposure.  These  are  presented  in 
Figure  8.4,  wherein  regression  lines  represent  an  average  effect  of  the 
three  types  of  exposure. 

Using  SAS/STAT  software,  regression  analyses  resulted  1n  coeffi- 
cients presented  in  Table  8.8. 

8. 3.2.5  Oeneral  Observations  and  Findings.  Considering  the  signi- 
ficance (o  * 0.05]  of  asphalt,  type  and  duration  of  exposure  as  also 
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Table  8.6  Broup'ng  of  Asphalts  for  90  Day  Duration  on  the  Basis 
of  Penetration 


Asphalt  code 


B£ 

KA 

CH 

TX 

BO 


DM 


D1 


Gnouping 


B C 
B C 
B C 
B C 
B C 


Note:  Keans  with  the  sane  letter  are  not  significantly  different 

(alpha  = D.OB) 


Table  8.7  Grouping  of  Exposure  Type 


tbe  Basis  of  Penetration 


Type  of  Exposure  Mean 

Oven  33.E2B 

Ultraviolet  36.725 

Forced  Draft  35.B25 


Grouping 


B 


: Means  with  the  same  letter  are  not  significantly  different 
(alpha  • O.OS). 


200 


Figure  B.4  Relation  Between  Penetration 


Duration  of  Exposure 
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Figure  B.4 — continued 
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Table  8.8  Re9ress1on  CoeffUfents  fo'*  ReUtton  Between 
Penetration  and  Duration  of  Exposure 


Asphalt 


BE 


SO 

BO 

DI 

OH 


dO.Sl  -0.2B1 
39.32  -0.388 
46.77  -0.600 
38.19  -0.367 
43.49  -0.981 
70.63  -0.621 
23.26  -0.293 
49.41  -0.964 
42.68  -0.373 
99.73  -0.822 


0.0008 

0.0023 

0.0035 

0.0020 

0.0037 

0.0034 

0.0022 

0.0028 

0.0020 

0.0059 


0.89 

0.87 

0.90 


0.93 

0.50 

0.92 

0.96 

0.98 


Penetration  « 8-  + 6^  (Exposure  in  Days)  * 6-  (Exposure  in  Days)^. 
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the  Interaction  of  asphalt  with  duration,  it  can  be  stated  that  Penetra- 
tion is  a function  of  all  three  variables  independently  and  when  com- 
parison of  asphalts  is  done,  for  each  duration  separately,  averaged  over 
the  types  of  exposure.  Comparison  of  means  for  grouping  of  asphalts  for 
90  day  duration  on  the  basis  of  Penetration  reveals  that  Texaco  Airblown 
is  significantly  different  (o  & 0.05)  from  the  other  asphalts,  grouping 
of  type  of  exposure  indicates  greater  hardening  is  caused  by  ultra- 
violet and  forced  draft  exposure,  compared  to  Over  exposure. 

The  relationship  between  Penetration  and  duration  of  exposure  in 
days  can  be  defined  by  a polynomial  expression  of  the  second  order.  R- 
Square  values  start  frcxn  0.50  (for  Esso  25-35).  the  others  between  0.87 
to  0.98. 

6.3.3  Schweyer  Rheometer  Tests 

8.3. 3.1  Statistical  Hodel.  The  test  results  from  Appendix  C-2  were 
analyzed  in  a manner  similar  to  that  done  for  Absolute  Viscosity  in 
Section  8.3. 1.1  ante.  The  same  linear  model  was  used. 

8. 3. 3.2  Analysis  of  Variance.  ANOVA  was  performed  on  the  constant 
power  viscosity  (n^)  corresponding  to  the  test  temperature  of  77“  F 
(25*  C).  This  was  chosen  in  preference  to  results  at  the  test  tempera- 
ture of  59*  F (15*  C),  since  generally,  viscosities  measured  at  a higher 
temperature  are  likely  to  suffer  less  dispersion  than  those  at  a compan- 
atively  lower  temperature.  SAS/STAT  software  was  used  and  results  of 
ANOVA  are  surniarized  in  Table  8.9.  A probability  of  error  (a  level)  of 
0.05  was  used,  which  corresponds  to  a 95  percent  level  of  confidence. 
Main  effects  ASPHALT  and  DURATION  are  significant.  None  Of  the  inter- 
action effects  are  significant.  It  there  follows  that; 


204 


Viscosity  (Oj.) 


ASPK4LT  7 
EXPOSURE  2 
DURATIO^  4 
ASPHALT  • EXPOSURE  14 
ASPHALT  * DURATION  28 
EXPOSURE  • DURATION  8 
ERROR  S6 


2.03E 

7.04E 

3.62E 

4.63E 

4.92E 


14 

13 

14 
13 
13 


4.46E  t 13 


O.OOOS 

0.21S4 


0.4325 

0.3676 

0.1344 


?05 

1.  Since  ASfHALT  does  not  interact  »ith  ttie  other  two  factors,  the 
asphalts  can  be  compared  by  comparing  the  mean  responses  for 
the  eight  asphalts,  averaged  over  the  other  two  factors. 

2.  Since  EXPOSURE  does  not  interact  with  the  other  two  factors, 
the  relative  effects  caused  by  the  three  conditions  of  eiposure 
can  be  assessed  by  comparing  the  near  responses  for  the  three 
conditions,  averaged  over  the  other  two  factors. 

6. 3. 3. 3 Comparison  of  Hears.  A comparison  of  means  for  ASPHALT 
averaged  over  the  other  two  factors,  was  performed  using  Ouncan's  test 
at  a level  of  significance  of  0,05.  The  results  are  suinnarieed  in  Table 

5.10.  Similarly,  a comparison  of  means  for  EXPOSURE  averaged  over  the 
other  two  factors,  was  performed.  These  results  are  summarized  in  Table 

8.11. 

To  differentiate  between  Chevron  AC-20  and  Chevron  AC-20  Hodified. 
a separate  comparison  of  means  was  performed.  These  results  have  also 
been  included  in  Table  8.10. 

8.3. 3.4  Regression  Analysis.  Preliminary  analysis  revealed  that  a 
relationship  defined  by  Eouation  8.2  would  best  fit  the  data.  On  this 
basis,  data  from  Appendix  C-2  was  used  to  plot  relationships  between 
Constant  Power  Viscositites  (n^)  at  77‘  P {25*  C)  and  59”  F (15°  C),  and 
duration  of  exposure,  for  each  asphalt  separately.  These  are  in  Figure 
8.3,  wherein  regression  lines  represent  an  average  effect  of  the  three 
types  of  exposure. 

Using  SAS/STAT  software,  regression  analyses  resulted  in  coeffi- 
cients presented  in  Table  8.12,  based  on  data  fron  test  run  at  77*  F 


(25°  C). 
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Table  8.10  Grouping  of  Asphalts  on  the  Basis  of  Constant  Aoxer 
Viscosity  (nj)  at  77‘  F (25”  C) 


Asphalt  Code 


n 

KA 

SO 


12029834 

6299512 

3206136 

2870794 

2611162 

2391314 

163371S 

4G6376 


8 C 
B C 


OH  1870355  0 

01  1735657  0 


(alpha  • 0.05) 


Significantly  diffe 
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Table  8.11  Oreuplng  of  Exposure  Type  on  the  Basis  of  Constant  Power 
Viscosity  (n,)  at  77”  F (25”  C) 


Twnp  nf  Fxnnsnrp 

Keans  Grouping 

Forced  Oraft 

5«a3070  A 

Uitraviol et 

3353645  A 

Oven 

2031616  A 

Keans  with  the  same  letter  are  not  significantly  different 
(aipha  • 0.05). 


zee 

Table  8.1Z  Re9rees1on  Coefficients  for  Relation  Between  Constant  Rowen 
Viscosity  [bj)  at  77"  F (Z5®  C)  and  Duration  of  Exposure 


SO 

BO 

Dl 

DH 


6.16  O.OOB  0.94 
e.lZ  0.009  0.64 
5.66  0.015  0.73 
6.01  0.009  0.81 

6.16  0.007  0.89 

5.16  O.OlZ  0.99 
6.84  0.006  0.63 
5.89  0.008  0.93 
5.88  0.009  0.82 
5.51  0.015  0.91 


10915  ® ■ *0 


(Exposure  in  Days) 
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g.3.3.5  General  Observation  ana  Findings.  In  view  of  the  signifi- 
cence  (a  • 0.05)  of  asgheU  and  duration  1t  can  Oe  stated  that  Constant 
Power  Viscosity  (Oj)  at  77*  F (25°  C)  is  a function  of  these  two 
varlaOles  Independently.  As  noted  for  Absolute  Viscosity,  Esso  25-35 
stands  significantly  different  (o  • 0.05)  compared  to  the  other 
asphalts,  on  the  basis  of  Constant  Power  Viscosity. 

The  relationship  between  Constant  Power  Viscosity  (hj)  at  77'  F 
(25'  C)  and  duration  of  exposure  can  be  defined  by  a linear  expression, 
the  dependent  variable  being  the  consnon  logarithm  of  the  Viscosity.  R- 
Square  values  range  from  0.63  (for  Esso  25-35]  to  0.99  (for  Texaco 
Airbl own  85-100). 


CHAPTER  9 

RESULTS  Of  INFRARED  ABSORPTION  SPECTROSCOPf  ON 
RECOVERED  ASPHALT  RESIDUES 

9.1  Introduction 

An  experinventfll  program  to  assess  the  effects  of  different  aging 
conditions  on  Ketone  Anhydride  Development  Factor  (henceforth  referred 
to  as  Ketone  Factor)  was  devised  and  perfomed.  Refer  Sections  3.6  and 

4.2.9. 

The  specific  objectives  of  the  experiment  were  as  follows: 

1.  Perform  infrared  spectral  tests  on  the  recovered  asphalt  resi- 
dues Co  determine  Ketone  Factors  for  evaluating  age  hardening 
effects  on  the  absorption  characteristics  of  asphalts. 

2.  Conduct  statistical  analyses  to  establish  significance  and 
relationship  between  test  parameters.  This  will  be  done  by 
performing  analyses  of  variance  and/or  regression  analyses. 
Specifically,  the  analyses  will  establish  relationships  and/or 

la)  differences  between  the  effects  of  the  three  exposure  test 
conditions 

(b)  differences  between  asphalts  In  their  properties  and 
response  to  age  hardening 

(c)  differences  between  two  techniques  of  measurement  to 
determine  Ketone  Factors. 
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8.2  Rasults 

Results  of  the  spectral  tests  by  asphalt,  type  of  exposure  and 
duration  of  exposure  are  tabulated  In  Appendix  0-1.  Test  measurements 
are  one  per  sample  residue  i.e.,  single  replicate.  In  Chapter  6,  all 
spectra!  measurements  were  made  with  reference  to  the  absorption  at 
wavenumber  of  IBOO  cm’*.  Noting  the  relative  stability  of  the  region 
around  1900  cm*^,  it  was  decided  to  now  make  all  measurements  with  re- 
ference to  the  absorption  at  1900  cm'^.  In  onden  to  Improve  the  quality 
of  spectral  measurements,  a sealed  cell  with  1 im  path  length  and  sodium 
chlonide  windows  was  used.  It  may  be  recalled  that  a sealed  cell  with 
0.1  mm  path  length  was  used  In  the  work  reported  in  Chapter  6. 

As  an  alternative  to  the  absorption  band  centering  at  1600  cm"'  re- 
sulting primarily  from  aromatic  carbon-carbon  double  bonds  which  was 
used  as  a reference  measurement  in  Chapter  6,  it  was  decided  to  evaluate 
the  absorption  band  centering  at  1375  cm'^  resulting  primarily  from 
carbon  - methyl  bond,  a C-H  scissoring  band  (48).  ketone  factors 
calculated  with  respect  to  both  these  reference  measurements  have  been 
included  in  the  tabulations. 

Comparison  of  the  two  measures  of  relative  absorbance,  one  at  1600 
cm'^  and  the  other  at  1375  cm'^,  has  been  presented  as  bar  graphs  In 
Appendix  D-2.  One  bar  graph  represents  one  asphalt  with  the  absorbance 
levels  shown  at  four  durations  of  aging,  and  in  turn,  for  the  three 
types  of  exposure. 
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9.3  Analysis  of  Results 

9.3.1  Statistical  Model 

The  test  results  as  Ubulated  In  Appendl*  D-1  vere  analyzed  as  re- 
sults of  a factorial  experiment  comprising  of  eight  asphalts  [ASPHALTS), 
three  conditions  of  exposure  (EXPOSURE),  five  levels  of  duration  (DURA- 
TION) and  two  types  of  measurements  (MEASURE).  ASPHALT,  EXPOSURE,  DURA- 
TION and  KASURE  are  regarded  as  fixed  effects,  the  experiment  has  240 
treatment  combinations. 

The  following  linear  model  is  assumed  for  any  single  measurement  in 
the  experiment: 

J'ijXl  • n.  t A,  * Bj  n Ck  * D, 


where  notations  are  on  similar  lines  as  those  described  after  Eguation 
7.1. 

9.3.2  Analysis  of  Variance 

Analysis  of  variance  (ANOVA)  was  performed  on  the  test  data  using 
SAS/STAT  computer  software.  Results  of  ANOVA  on  the  Ketone  Factors  are 
suinnarized  in  Table  9.1.  A probability  of  error  (o  level)  of  0.05  was 
used.  All  main  effects  are  significant  and  except  for  EXPOSURE  * SEA- 
SURE,  ell  interaction  effects  are  significant,  since  P values  are  less 
than  0.09.  It  therefore  follows  that: 

1.  Comparison  of  ASPHALT  must  be  made  at  each  EXPOSURE,  for  each 
level  of  DURATION  by  type  of  MEASURE. 

2.  Comparison  of  EXPOSURE  must  be  made  by  ASPHALT,  for  each  level 
of  DURATION  averaged  over  the  factor  MEASURE. 
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Tible  9.1  Result  of  ANOVA  on  Ketone  Factors 


Source  df 
Aspoalt  7 
Exposure  2 
Duration  4 
Measure  l 
Asphalt  ' Exposure  14 
Asphalt  * Duration  28 
Asphalt  * Measure  7 
Exposure  * Duration  8 
Exposure  * Measure  2 
Duration  ' Measure  4 


MS  F-Velue 
2.16  26S.D4 
D.07  B.62 
5.00  612.21 
0.23  28.67 
0.03  3.29 
0.11  14.04 
0.31  38.48 
0.04  4.54 
0.003  0.39 
0.17  21.06 


0.0003 


0.0001 


0.0001 


0.0001 
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3.  Cwiparlson  of  tCASURE  nuU  tie  iMde  by  4SPHALT,  for  each  level 
of  OURATION  averaged  over  the  factor  EXPOSURE. 

9.3.3  Cowiparisoh  of  Heane 

A conoarison  of  means  for  ASPHALT,  by  EXPOSURE,  by  DURATION  and  by 
MEASURE  win  not  be  possible  since  the  source  of  error  Mill  have  zero 
degrees  of  freedom.  This  Is  because  of  single  replicate  measurements. 

To  overcome  this  problem,  it  nas  decided  to  ignore  the  significance  of 
effect  ASPHALT  * MEASURE  and  perform  comparisons  for  ASPHALT,  by  EXPO- 
SURE and  by  DURATION  but  averaged  over  MEASURE.  This  Mas  done  by  Dun- 
can's test  at  a level  of  significance  of  0.05.  The  effects  at  90  days 
DURATION  Mere  subjected  to  a detailed  study  in  preference  to  those  at 
shorter  durations  of  exposure.  The  results  are  sumnarlzed  in  Table  9.2. 
Similarly,  a comparison  of  means  for  EXPOSURE,  for  each  ASPHALT  at  90 
days  DURATION,  averaged  over  the  factor  MEASURE,  was  performed  using 
Duncan's  test  at  the  same  level  of  significance.  These  results  are  sum- 
marized in  Table  9.3.  Finally,  comparisons  on  the  same  lines,  for  the 
two  types  of  MEASURE,  for  each  ASPHALT  at  90  days  DURATION,  averaged 
over  the  factor  EXPOSURE  are  presented  in  Table  9.4. 

To  differentiate  between  Chevron  AC-20  and  Chevron  AC-20  Hodified 
on  the  Oasis  of  Ketone  Factors,  a separate  comparison  of  means  was  per- 
fonmed  for  the  90  day  data.  These  results  have  also  been  Included  in 
Tables  9.2  through  9.4. 

9.3.4  Regression  Analysis 

Preliminary  analyses  revealed  that  a relationship  defined  by  the 
following  model  would  best  fit  the  data: 

Dependent  Response  - + 6^  (days)  f (days)^ 


Random  Error 


(9.2) 


Tit>1e  9.2  GrouDlng  of  Asphalts  by  Type  of  Esposure  for  90  Day 
Duration  on  the  Basis  of  Ketone  factors 


forced  Draft 
Asphalt  Code: 

Grouping: 


Asphalt  Code: 
Grouping: 


Asphalt  Code: 

MEANS: 

Grouping: 


Uitraviol et 

Asphalt  Code:  BE  MA 

Grouping:  A A 


Asphalt  Code:  D1  DM 
Means:  2.74  2.43 
Grouping:  A A 


sane  letter 


significantly  different 
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Table  9.3  Groupirg  of  Type  of  Exposure  by  Asphalt  for  90  Day 
Duration  on  the  Basis  of  Ketone  Factors 


Asphalt 


CH 

BE 

HA 


SO 

BO 

D1 


1.826  (A)  1.699  (A)  1.690  (A] 

2.S92  (A}  2.609  (A)  2.275  (A) 

2.434  (A)  1.923  (A)  l.BSl  (A) 

2.929  (A)  2.511  (A)  2.280  (A) 

2.490  (A)  2.461  (A)  2.483  {A) 

1.141  (A)  1.286  (A)  1.109  (A] 

2.210  (A)  2.080  (A)  2.103  {A) 

1.696  (A)  1.735  (A)  1.714  (A) 

Not  Tested  2.742  (A)  2.675  {A) 

Not  Tested  2.425  (A)  2.268  (A) 


[alpha  ■ 0*05).  ^ y 4 
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Table  9. A Grouping  of  Types  of  Measure  by  Asphalt  for  90  Day 
Duration  on  the  Basis  of  Ketone  Factors 


AM  1.S6  (A]  2.30  (A) 
SB  2.11  (A)  2.87  (8) 
BO  1.76  (A)  1.67  (B) 
CH  1.S8  (A)  1.90  (8) 
MA  2.29  (A]  2.86  (8) 
SO  2.03  (A)  2.23  (8) 
TA  1.26  (A)  1.09  (8) 
TX  2.44  (A]  2.52  (8) 
DM  2.14  (A)  2.S5  (A) 
01  2.41  (A)  3.00  (8) 


Note:  Row  means  with  the  same  letter  are  not  significantly  different 

(alpha  • 0.05) 
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On  tMs  basis,  data  In  Appendix  D-1  was  used  to  plot  ne1at1on$hip$ 
between  Ketone  Factors  (calculated  with  reference  measurements  at  ISOO 
cm~^)  and  donation  of  exposure.  These  are  presented  by  asphalt  and  by 
type  of  exposure  in  Figure  9.1.  However,  one  regression  per  asphalt 
type  was  developed,  representing  an  average  effect  of  the  three  types  of 
exposure. 

Using  SAS/STAT  software,  regression  analyses  resulted  in  coeffi- 
cients presented  in  Table  9.5. 

9.4  Seneral  Observations  and  Findings 

The  main  effects  are  significant  (o  » 0,05)  which  confirms  that 
asphalt,  type  and  duration  of  exposure  and  the  technique  used  to  measure 
the  response,  all  influence  Ketone  Factors  independently.  They  also 
have  an  Influence,  in  combination,  except  Che  interaction  between  the 
type  of  exposure  and  technigue  used  to  measure  the  response. 

Comparisons  of  means  (o  * 0.05}  done  at  a 90  day  duration  indicate 

1.  The  three  types  of  exposures  result  in  responses  which  are  not 
different. 

2.  The  two  techniques  of  measurement  result  in  responses  which  are 
differeht  in  the  case  of  asphalts  coded  as  82,  80,  CH,  HA,  SO, 

The  relationship  between  Ketone  FacCcr  (with  reference  to  absorp- 
tion at  1500  cm'^)  and  duration  of  exposure  in  days  can  be  defined  by  a 
polynominal  expression  of  the  second  order.  R-Square  values  range  from 
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Asphal t 
Code 

CH 

BE 


TX 

TA 


Regression  Coefficients  for  Relation  ^e 
(reference  meesiirenents  at  1600  cm'*) 
Etposure 


'n  Ketone  Factors 
Duration  of 


1.069  0.0008 
1.372  0.0130 
1.272  0.0108 
1.461  0.0110 
1.577  0.0160 
1.106  0.0056 
1.306  0.0140 
1.182  0.0103 
1.624  0.0186 
1.396  0.0136 


-0.000036  0.98 
-0.000062  0.97 
-0.000046  0.91 
-0.000023  0.92 
-0.000071  0.99 
-0.000042  0.78 
-0.000066  0.97 
-0.000043  0.99 
-0.00011  0.98 
-0.000059  0.98 


Nate: 

Ketone  Factor  = ♦ Bj  (days) 


Idays)^ 


CHAPTER  10 

INTERPRETATION  OF  FIELD  DATA 
10.1  Introduction 

The  field  testing  program  involved  the  acoLiisition  of  samples  and 
cores  front  three  selected  sections  of  newly  laid  asphalt  concrete 
pavements  in  Hernando  Copnty  in  the  state  of  Florida.  The  locations  of 
these  sections  are  fully  described  in  Figures  10.1  and  10.2.  Charac- 
teristics of  the  pavements  have  been  sunmarized  in  Table  10.1. 


10.2  Field  Sampling  and  Testing 
The  work  shown  below  was  performed  at  the  plant  site. 

1.  Four  quarts  of  the  original  asphalt  (AC-20)  was  sampled  from 
the  hot  storage  tank  to  be  used  for  measurement  of  viscosities 


d penetration. 

'0  bOA  samples,  each  approximately  3 kilograms  of  the  hot  mix- 
re  were  sampled  from  the  pugmill  (truck)  and  the  paving  ma- 
ine,  for  asphalt  recovery,  from  each  of  the  sites.  Average 


temperatures  of  the  he 


(d)  OS-301 

e 1*75  section. 


Pugmi 1 1 
Pugmi 1 1 
he  roadway  dens 


■ control  strip  worksheet 


indicated 


99.3  percent  of  the  laboratory  density 


obtained,  with 


22S 
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Table  10. I Characteristics  of  Test  Pavements  in  Hernando  Count; 


Test  wile  Post/Station 

Road  Number 


Thickness  of  Surface 
Layer  (in) 


1-75 

US- 301 
Section  1 

US-301 
Section  2 


Northbound  Lane 


305  + 00  to  315  ♦ 00 
Southbound  Lane 


198S  2.0  (Type  S-1  Mis] 

1906  1 1/4  (Type  S-III  Mis) 

1906  1 1/4  (Type  S-in  His) 


represents  the  latest 


of  reconstruction. 
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an  average  core  density  of  134.8  ocf.  On  the  US>301  Test  Section  No.  1, 
the  control  strio  did  not  meet  the  required  95  percent  of  laboratory 
density.  It  was  91. S percent  with  an  average  core  density  of  128.3  pcf. 
An  additional  test  section  was  scheduled  on  the  southbound  lane  where 
the  control  strip  density  indicated  that  98.6  percent  of  the  laboratory 
density  was  obtained  with  an  average  core  density  of  137.8  pcf.  This 
section  was  designated  as  Test  Section  No.  2 and  used  for  detailed 

Evaluation  of  the  asphalts  recovered  from  cores  taken  out  from  the 
two  pavement  sections  was  done  periodically.  Cores  were  extracted  both 
from  wheel  paths  from  between  tdieel  paths  and  air  void  contents 
determined.  The  core  samples  of  asphalt  concrete  were  heated  and  broken 
down  for  ektraction  using  Method  B (Refluk)  of  ASTH  0 2172  for 
Ouantitetive  Ektraction  of  Bitumen  from  Bituminous  Paving  Mixtures.  The 
asphalt  cement  was  recovered  using  the  Abson  method,  ASTM  [)  1356. 

The  following  test  were  performed  on  the  recovered  asphalts: 

1.  Absolute  Viscosity  at  77"  F (25'  C) 

2.  Penetration  at  77"  F (25"  C) 

3.  Spectral  analysis. 

The  sampling,  coring,  recovery.  TFOT/RTFOT  procedures  and  the  phy- 
sical tests  on  the  asphalts  and  residues  were  performed  by  the  personnel 
of  the  Bureau  of  Materials  and  Research,  Florida  Department  of  Transpor- 
tation, under  the  supervision  of  Messrs.  Ken  Murphy.  Phil  Eunice  and  Ed 


Leitner. 
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to, 3 HardenioQ  Trends 

Inltfally,  Penetration  at  77®  P (25®  C)  and  Aosotute  Viscosity  at 
140®  F (60°  C)  »erB  determined  for  the  original  aspHalts.  Thereafter, 
the  original  asphalts  were  suOJected  to  TFOT  and  RTFOT  procedures  at 
285'  f,  325®  F and  365“  F and  Absolute  Viscosity  and/or  Penetration 
determined  on  the  residues.  Tables  10.2  and  10.3  sunmiarize  the  results 
for  the  1-75  and  US-30t  test  sections  respectively. 

Results  of  the  tests  on  recovered  samples  from  1-75  are  presented  in 
Table  10.4  and  those  in  respect  of  US- 301  are  presented  in  Table  10.5. 
Absolute  Viscosity,  Penetration  and  Ketone  Factor  have  all  been  plotted 
in  the  form  of  scatter  graphs,  for  the  two  test  pavements,  against  dura- 
tion of  aging.  These  are  presented  as  Figures  10.3  to  10.8  respectively. 

The  air  void  contents  viere  computed  for  the  1-75  project  after  90 
days  and  6 months  of  traffic  esposure.  The  average  air  void  content  was 
5.8  percent  at  90  days,  reducing  to  4.9  percent  at  6 months,  when 
measured  on  wheel  path  areas.  Between  wheel  paths,  the  figures  were  6.1 
and  5.5  respectively.  On  the  US-301  project,  air  void  contents  were 
computed  after  14  days  and  90  days  of  traffic  movement.  In  wheel  path 
areas,  the  figure  was  6.6  percent,  reducing  to  3.5  percent.  Between 
wheel  path  areas  started  with  9.8  percent,  reducing  to  3.4  percent. 

For  purposes  of  discussion,  it  may  be  reasonable  to  reckon  the  air 
voids  contents  to  be  around  five  oercent  for  both  the  test  pavements. 

Figures  10.3.  10.4  and  10.6  confirm  that  the  TFOT  procedure  run  at 
325°  F yields  residues  vdiich  closely  represent  the  hardening 
characteristics  of  the  asphalt  residues  recovered  from  mixtures 
discharged  at  the  pugmill  and  prior  to  paving  operations.  The  pugmil! 
temperatures,  (it  may  be  re-called)  were  in  the  region  of  290®  F. 
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Tab1«  10.2  Viscosity  and  Poneccaclori  Tests  on  Asphalts  and 
Besidues  from  1-75  Project 


Test 


Kinematic  Absolute  Kinematic  Absolute 

Viscosity  Viscosity  Viscosity  Viscosity 

(Cs)  (Poises)  Ratio  Ratio 


TFOT  285'  f 517 
TFOT  325*  F 641 
TFOT  365°  F 939 
RTFOT  285*  F 602 
RTFDT  326°  F 736 
RTFOT  365°  F 993 


6382 

15663 

5467 

9307 

18660 


Type  of  Asphalt:  Chevron  AC-20 
Kinematic  Viscosity  9 275°  F:  416  Cs 
Absolute  Viscosity  $ 140°  F;  2111  Poises 
Penetration  8 77°  F:  75 
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Table  10.3 


Viscosity  and  Penetration  Tests  on  Aspbalts  and 


Kinematic  Absolute  Kinematic  Absolute 

Viscosity  Viscosity  Pene-  Viscosity  Viscosity 

Test  Temperature  (Cs)  (Poises)  tration  Ratio  Ratio 


TFOT  285°  P 
TFOT  325*  F 
TFOT  365°  F 
RTFOT  285°  F 
RTFOT  326'  F 
RTFOT  365'  F 


530  «002  57 
663  6224  48 
878  13011  38 
625  5601  49 
754  9316  42 
945  16682  36 


1.3 

1.6 

2.1 


2.2 


Type  of  Asphalt:  Marathon  AC-20 

Kinematic  Viscosity  8 275*  F:  424 
Absolute  Viscosity  8 140*  F:  2246 
Penetration  8 77'  F:  73 


- I -I 


Jl 


i 

I 

i 

I 

I 

I 
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(sesjod)  AilSOosiA  aimosav 


234 


(S8S!0d)  AilSOOSIA  Bimosav 
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NOliVdlBNHd 


236 


NoiivmsNad 
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UOiOVd  3N013X 
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bOiOTJ  3NOi3>( 
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However,  Figures  10.3  to  10.7  indicate  that  variations  in  air  void 
contents  of  core  samples  and  possibly  testing  variations  produced  sub- 
stantial scatter  of  data  points.  This  nay  also  be  associated  with  the 
thicknesses  of  the  layer  (2  in.  and  1 1/4  in.).  Trends  nay  begin  to 
establish  over  a longer  tine  period  and  reliable  relationships  would 
then  be  possible. 

10.4  Conparisons  of  Field  and  Laboratory  Aging 
The  Chevron  AC-20  used  in  the  laboratory  study  closely  corresponds 
to  the  Chevron  AC-20  used  on  the  1-75  project  and  the  Marathon  AC-20 
used  on  the  US- 301  project,  when  comparing  original  properties  and  prop- 
erties of  TFOT/RTFOT  residues.  It  will  not  be  unreasonable  therefore, 
to  establish  eguivalence  of  field  and  laboratory  data  on  this  basis. 

Initial  analyses  revealed  that  a 2S  day  aging  period  in  the  labora- 
tory would  represent  an  approximate  duration  of  12  months  or  more  of 
pavement  aging  in  the  field.  Using  this  as  a starting  point,  a 
comparison  of  acquired  data  is  presented  in  Table  10.6.  The  figures  for 
laboratory  data  are  an  average  of  the  responses  under  the  two  test 
conditions  of  exposure.  Tp  balance  out  the  effects  of  scatter  in  the 
data  fron  the  field,  averages  have  been  taken  over  data  for  6,  12  and  18 
months,  the  average  value  considered  representative  of  conditions  at  12 
months.  Air  voids  in  wheel  paths  would  diminish  with  pavement 
densification  and  so  It  is  preferable  to  base  comparisons  on  data  from 
areas  between  wheel  paths.  It  may  be  recalled  that  the  Chevron  AC-20 
specimens  were  compacted  to  an  average  sir  void  content  of  3.94  percent. 

The  comparison  in  Table  10.6  confirms  that  a period  of  28  days 
aging  in  the  laboratory  would  result  in  a state 
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Table  10.6  Comparison  of  Hardening  Effects  due  to 
Field  and  Laboratory  Aging 


1-75 

field. 

Property  aging 


Absolute  Viscosity  13400 

at  140°  F (Poises) 

Penetration  at  35 

77°  F 

Ketone  Factor  1.53 


tlS-301 

agtii^ 

10906 

39 

1.63 


Labora- 


* Chevron  AC-20 
^ Marathon  AC-20 
t Chevron  AC-20 
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closely  approximates  the  conditions  reached  after  12  months,  when  the 
unit  of  measure  1s  Penetration.  However,  longer  durations  of  aging  in 
the  field  would  be  necessary  to  bring  the  Absolute  Viscosities  and 
Ketone  Factors  to  the  level  of  28  day  aging  In  the  laboratory.  It  Is 
probable  that  another  six  to  twelve  months  of  field  aging  may  be  neces- 
sary to  see  the  Absolute  Viscosities  and  Ketone  Factors  reach  the  levels 
at  28  days  laboratory  aging. 


CHAPTER  11 

ANALYSIS  AND  DISCUSSION  OF  RESULTS 
11.1  Introduction 

In  the  previous  cNapCers,  some  general  observations  and  findings 
were  presented  immediately  after  the  respective  analyses.  This  portion 
of  the  study  links  and  interrelates  some  of  the  previously  presented 
observations  and  findings  by  the  establishment  of  correlations,  equi- 
valences and  comparisons  between  major  parameters  of  interest.  A 
discussion  is  presented  on  infrared  spectroscopic  techniques  for  the 
evaluation  of  asphalt  hardening.  Finally,  a framework  for  improved 
specifications  is  suggested. 

11.?  TFOT  and  RTFOT  Procedures 

Page  et  al.  (11)  have  noted  that  the  change  in  properties  (after 
artificial  aging  by  the  TFOT)  of  the  asphalt  binder  is  definitely  re- 
lated to  the  degree  of  age  hardening  that  will  occur  over  a period  of 
time  in  the  field.  They  suggested  that  the  TFOT  procedure  be  performed 
at  different  temperatures  for  the  purpose  of  characterizing  loss  and 
hardening,  which  ultimately  could  result  in  modification  of  existing 
specifications. 

Study  of  the  changes  in  properties  due  to  TFOT  and  RTFOT  procedures 
discussed  earlier  in  Chapter  S,  has  demonstrated  that  higher  oven  tem- 
peratures result  in  increased  differentials  in  properties.  For  example, 
the  change  in  Viscosity  Ratio  between  325’  F and  365'  F is  greater  than 

2«2 


tl>2t  between  285*  F eM  385*  F.  In  other  words,  e higher  test  tenperj- 
ture  like  365'  F would  magnify  the  potential  to  suffer  hardehing  and 
might  be  a better  indicator  of  performance,  as  compered  to  the  present 
level  of  385'  F, 

The  limited  test  data  presented  in  Figures  10.3,  10,4  and  10.6 
confirm  that  the  TFOT  procedure  run  at  365*  F yields  residues  which 
would  correspond  to  aging  of  aoproeimately  18  months  in  the  field.  It 
is  probable  that  88  day  aging  at  140*  F In  the  laboratory,  TFOT 
procedure  at  365'  F and  18  months  aging  in  the  field,  would  result  in 
approximately  the  same  hardening  effects  on  a typical  paving  grade 
asphalt,  in  Florida.  This  comparison,  however,  is  a rough  estimate  and 
would  obviously  depend  on  many  factors. 

It  has  been  seen  in  Chapter  5 that  for  an  oven  tempenatune  of  365'  F, 
TFOT  and  RTFOT  processes  are  not  different  from  one  another 
(o  • 0.05).  No  particular  reason  therefore  exists  to  favor  the  RTFOT 
process  over  the  TFOT  process,  particularly  if  the  test  temperature  is 
raised  to  365'  F,  In  this  context,  work  reported  by  Kemp  and  Predoehl 
117)  is  of  interest,  wherein  a new  procedure  has  been  developed  which 
simulates  to  a reasonable  degree,  what  is  apparently  the  most  severe 
California  weathering  condition,  a desert  climate.  The  new  test  was 
based  primarily  on  the  Rolling  Thin  Film  procedure  with  the  difference 
that  the  temperature  was  lowered  to  835.4'  F {113°  C)  and  the  weathering 
period  extended  to  168  hours  (7  days).  Lowering  the  temperature  caused 
the  asphalt  to  build  up  in  the  bottles  and  this  problem  was  addressed  by 
tilting  the  oven  so  that  the  front  was  slightly  higher.  The  method  as 
proposed,  was  designated  California  Tilt-oven  Asphalt  Durability  Test 
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and  Is  recoflnendad  by  tben  to  predict  asphalt  hardening  caused  in  two 
years  in  one  of  their  typical  desert  test  sites.  The  lowering  of 
temperature  and  extension  of  the  weathering  period  are  both  positive 
features  of  the  test. 

11.3  llelatlonships  Between  Mixture  Properties  and  Asphalt  Viscosity 

11.3.1  indirect  Tensile  Strength 

The  average  tensile  strengths  at  77'  F (25°  C).  from  tabulations  in 
Appendix  B-1  were  plotted  against  corresponding  Constant  Power  Viscosi- 
ties (nj)  at  77"  F (25"  Cl.  The  relationship  is  illustrated  in  Figure 

11.1  and  can  be  defined  by  the  equation 

St  ’ ®0 *  * ®1  ’'’Sl0<‘'3>  * B2[log,(,(nj)]^  (11.11 

* Indirect  Tensile  Strength,  Pa 
hj  * Constant  Power  Viscosity,  Pa.s 
8p  ■ 755.40;  6j  ■ .274.65;  ■ 28.50 

. 0.80 

Ruth,  Roque  and  Puyana  (49)  have  developed  a relationship  from  an  ex- 
tensive test  program  in  Florida.  The  prediction  equation  is 

S(  n 4217.94  (np“-35^°  (11.21 

S(  • Indirect  Tensile  Strength,  Pa 
nj  < 1.16  E8  Pa.s. 

Although  the  loading  rate  used  by  Ruth  et  al . was  0.Q5  in/min  as  against 
2.0  in/min  used  in  this  study,  the  predicted  values,  as  illustrated  in 
Figure  11.1,  closely  follow  the  trend  of  results  from  this  study.  The 
higher  rate  of  loading  has  resulted  in  correspondingly  higher  values  of 
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strengtn.  Uie  effects  of  rate  of  loading  diminishing  with  1r 
viscosity.  This  is  reasonable  and  ancicioated,  since  creep 
of  failure  diminish  with  Increased  viscosity  of  the  binder. 
11.3.2  Beslllent  Modulus 

The  average  moduli  at  F (25*  C)  calculated  on  the 
instantaneous  recoverable  and  total  recoverable  deformation 
lations  in  Appendix  B-2  were  plotted  against  corresponding 
Power  Viscosities  (n^)  at  77*  F (25*  C).  The  linear  relati 
Illustrated  in  Figure  11.2  and  can  be  defined  by  the  equati- 
Modulus  =85  f *1 
where  the  parameter  estimates  are 

Instantaneous  Total 

Sq  69111  -44769 

35289  40869 

0.48  0.66 

Some  scatter  in  the  data,  which  may  be  attributable  to  the 
limitations  in  the  diametral  test  notwithstanding,  a dear 
with  moduli  increasing  linearly  with  binder  viscosity.  The 
parallel  regression  lines  on  the  basis  of  instantaneous  and 
recovery  are  notable.  It  may  be  recalled  that  the  test  proc 
adopted  for  this  study  used  a cyclic  loading  of  1 cycle/sec 
duration  of  0.1  second. 

In  an  identical  test  program  completed  recently  by  Man 
cyclic  loading  of  2 cydes/sec  was  used  with  a load  duration 

airfield  pavements  which  had  aged  substantially,  viscosities 


relationship  proposed  by 
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Inserting  the  appropriate  percentage  air  voids  content,  a predictor  line 
is  placed  on  Figure  11.2.  Although  the  line  is  extrapolated  downwards 
and  outside  Hanzione's  dataOase,  the  approximation  is  satisfactory, 
particularly  in  the  region  of  10^  Fa.s.  At  lower  viscosities,  moduli 
depend  more  on  aggregate  properties  than  on  binder  characteristics  and 
therefore  the  divergence  in  moduli  is  perhaps  acceptable. 

11.3.3  Fracture  Energy 

The  average  fracture  energies  at  77*  F (25'  C)  from  tabulations  in 
Appendix  B>3  were  plotted  against  corresponding  Constant  Power  Viscosi- 
ties (hj)  at  77"  F (25*  C).  The  relationship  is  illustrated  in  Figure 
11.3.  Scatter  in  the  data  may  be  attributable  to  the  relatively  high 
temperature  of  the  test  and  consequent  lower  viscosities,  at  which  con- 
ditions, the  tests  were  performed.  With  increasing  viscosity,  response 
of  the  asphalt  would  be  better  isolated  from  the  characteristics  and 
performance  of  the  aggregates  matrix,  resulting  in  lesser  variability  in 


11.4  Comparison  of  laboratory  exposure  Types 
Conventional  oven,  ultraviolet  chamber  and  forced  draft  oven  were 
evaluated  by  measuring  strength,  consistency  and  IR  spectral  responses 
at  a level  of  significance  of  0.05.  Indirect  Tensile  Strength  Tests  re- 
sults Indicated  that  certain  asphalts  could  harden  more  in  a forced 
draft  environment  compared  to  the  other  two.  Effects  caused  by  the  ultra- 
violet and  conventional  oven  are  about  the  same.  Penetration  tests  in- 
dicated that  greater  hardening  is  caused  by  ultraviolet  and  forced  draft 
exposure,  as  compared  with  oven  exposure,  IR  Spectral  test  results 
rated  the  three  types  of  exposure  as  causing  near  similar  responses. 
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In  general.  It  therefore  emerges  that  at  a duration  of  exposure  of 
90  days,  the  forced  draft  oven  can  cause  a marginally  higher  response  in 
certain  oerameters.  compared  to  the  ultraviolet  and  oven  exposures. 

Since  the  average  air  void  content  in  the  specimens  was  approximately  S 
percent,  the  limited  effect  of  the  draft  appears  reasonable.  It  is 
possible  that  higher  air  voids  would  increase  the  effect  of  the  draft. 
Nonetheless,  trends  in  the  various  graphical  relationships  presented 
earlier  do  suggest  that  for  durations  of  90  days  and  beyond,  the  dif' 
ferences  in  response  caused  by  forced  draft  would  further  Increase  and 
could  result  in  comparisons  which  are  statistically  significant  at  the 

The  effects  of  ultraviolet  exposure  might  be  more  predominant  on 
the  outer  periphery  of  the  specimens.  The  interiors  would  be  relatively 
less  influenced  and  so  the  effects  would  be  diluted  when  the  whole 
specimen  is  subjected  to  recovery  of  the  asphalt.  This  appears  to  be 
one  of  the  reasons  for  statistical  equivalence  between  all  responses 
except  Penetration,  caused  by  ultraviolet  and  oven  exposures. 

It  therefore  follows  that  an  effective  simulated  aging  process  for 
evaluating  mixtures  could  well  be  a combination  of  all  three  exposure 
types.  This  would  best  simulate  the  environment  in  the  field  where  the 
effects  of  heat,  light  and  air  are  experienced.  The  ultraviolet 
chamber,  modified  to  permit  a rated  airflow,  uniformly  diffused  and 
streaming  upwards,  would  be  an  ideal  environment  for  testing  Marshall 
type  specimens,  cores,  briquettes  and  so  on. 
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11,5  tffect  of  Natural  Weathering 

Marshall  spactineris  which  were  subjected  to  natural  weathering  over 
a period  of  six  months  were  tested  for  Indirect  Tensile  Strength  at  77° 

F (25°  C).  Absolute  Viscosity  et  140°  F (eo°  C),  Penetration  at  77'  F 
(25°  C)  and  IR  spectra!  tests  were  run  on  the  recovered  asphalt  residues. 
Table  11.1  sunnarizes  the  results  obtained. 

Using  the  regressed  relatiohships  obtained  earlier,  between 
Indirect  Tensile  Strength,  Absolute  Viscosity,  Penetration  and  Ketone 
Factor  and  duration  of  exposure,  it  is  possible  to  obtain  the  eguiva- 
lence  between  six  months  natural  weathering  ahd  duration  of  laboratory 
aging.  Table  11.2  presents  the  computed  equivalences. 

It  is  seen  that  six  months  of  natural  weathering  could  bring  about 
changes  which  correspond  to  average  laboratory  durations  of  aging  vary- 
ing from  16.2  to  36.2  days,  depending  upon  the  type  of  test  used.  The 
mean  of  the  four  column  averages  in  Table  11.2  works  out  to  26.4. 

Ketone  Factors  appear  to  increase  rapidly  with  initial  aging  and  slow 
down  subsequently,  which  has  resulted  in  comparatively  smaller  values  of 
equivalence  in  days,  corresponding  to  six  months  of  natural 
weathering.  Leaving  aside  the  computed  value  of  16.2  days  for  Ketone 
Factor  In  Table  11.2,  the  mean  of  the  three  column  averages  works  out  to 
29.6  days,  which  Is  approximately  equal  to  say  28  days. 

It  was  brought  out  earlier  in  Section  IQ. 4 and  Section  11.4  that  26 
day  aging  in  the  laboratory  and  12  to  24  months  months  aging  in  the 
field  would  probably  result  in  approximately  identical  hardening 
effects.  Natural  weathering  of  Marshall  specipnens  for  a period  of  six 
months  also  results  in  hardening  effects  which  are  approximately 
equivalent  to  28  day  aging  in  the  laboratory.  In  other  words,  Marshall 
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TabU  11.2  Equivalence  Between  6 Months  Natural  Weathering 
and  Aging  in  Laboratory 


Equivalent  laboratory  Aging  in  Days  Based  On 


Asphalt 

Code 


Indl rect 
Tensile 
Strength 


Absolute  Ketone 

Viscosity  Penetration  Factor 


CH  22.9  43.5 

BE  27.5  39.6 

AM  14. S 25.8 

HA  15.8 

TX  19.5  34.4 

TA  37.2  36.6 

SO  18.6  27.4 

BO  24.5  45.9 

Average  22.6  36.2 


47.8  10. S 

29.01  19.7 

24.9  21.3 

15.4  15.8 

28.2  12. S 

35.2  ID. 5 

26.7  13.9 

38.1  24.7 

30.7  16.2 
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specimens  allowed  to  weather  naturally  for  six  months  would  harden 
approximately  two  to  four  times  as  much  as  the  mixtures  when  placed  and 
compacted  as  a pavement  layer.  This  is  understandable  considering  the 
area  of  surface  exposed  to  weather  In  a Marshall  specimen  compared  to  a 
core  of  similar  dimensions  extracted  from  the  pavement. 

11.6  Assessment  of  Ketone  factor 

Analysis  of  spectra  requires  measurements  which  are  relatively  sim- 
ple and  capable  of  Identifying  and  following  the  Investigated  responses. 
Ratios  of  absorbances  at  two  wavenuntiers.  one  of  which  remains  rela- 
tively stable  and  constant  appears  to  be  a viable  technique.  This  ap- 
proach has  been  endorsed  by  Conway.  Norris  and  Bodwell  (51)  who  have  al- 
so referred  to  other  publications  wherein  ratios  on  data  obtained  at  two 
different  wavelengths  for  estimating  the  composition  of  materials  have 
been  used.  Interestingly,  this  approach  has  also  been  used  recently  in 
the  development  of  a compact  instrument  for  the  estimation  of  body 
composition  in  humans.  The  principle  is  called  Infrared  interactance 
and  is  based  on  the  effects  of  light  absorption,  reflection  and  near- 
infrared  spectroscopy  (51).  In  fact,  earlier  research  conducted  by  the 
United  States  Department  of  Agriculture  in  the  area  of  near  Infrared 
reflectance  and  transmittance  has  led  to  the  development  of  the  infrared 
interactance  method  (51). 

On  the  basis  of  this  study,  it  emerges  that  Ketone  Factor  Is  a 
useful  measure  to  follow  changes  in  the  level  of  oxidation.  The  techni- 
que to  quantify  such  changes  as  ratios  and  factors  is  a simple  and  com- 
paratively reliable  method.  Reference  measurements  at  1600  cm~^  were 
compared  to  those  at  1375  cm*^.  Analysis  of  variance  reveals  no  inter- 
action between  the  technique  of  measurement  and  type  of  exposure.  In 
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other  mords,  when  conparin9  the  effects  due  to  the  three  types  of  eipo- 
sure,  It  does  not  matter  which  technique  of  measurement  Is  used.  This 
is  a good  basis  to  conclude  that  one  technique  of  measurement  Is  as  good 
as  the  other.  Howeuer,  It  was  seen  that  the  peat  at  1600  cm"*  was 
better  and  more  typically  formed  but  the  peak  at  1375  cm"’  was  Inconsis- 
tent In  shape  and  Intensity.  Further,  the  presence  of  other  features  In 
the  1375  cm"’  region  could  cause  some  confusion  to  an  Ineiperienced 
analyst. 

Appendix  D-2  demonstrates  the  differences  1n  absorbances  as  mea- 
sured by  the  two  alternatives.  Except  for  differences  In  the  absolute 
values  of  Ketone  Factors  calculated  by  the  two  techniques,  there  appears 
no  reason  to  prefer  1375  cm"’  over  1600  cm"’  as  the  frequency  for  the 
reference  measurement. 

Figure  9.1  clearly  demonstrates  what  obviously  appears  to  be  a 
limitation  in  spectral  measurements.  Increases  1n  Ketone  Factors  would 
be  pronounced  over  initial  periods  of  hardening,  thereafter  changes  in 
Ketone  Factors  tend  to  diminish.  This  may  result  In  insensitivity  of 
the  parameter  to  detect  hardening,  which  otherwise  would  be  seen  when 
running  conventional  tests.  This  suggests  that  Ketone  Factor  would  be 
more  useful  in  detecting  short  term  hardening  of  residues  from  accele- 
rated weathering  tests  and  1n  order  to  make  it  more  critical  In  its 
ability  to  detect  change,  it  is  suggested  that  straight  asphalt  residues 
be  subjected  to  this  kind  of  test,  in  preference  to  residues  recovered 
from  mixtures.  The  latter  may  sometimes  carry  residual  effects  of  sol- 
vents and  minerals  which  could  detract  from  the  integrity  of  the 


obtaihed  spectra. 
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11.7  la  Spectral  Evaluation  of  Har-deMng 
From  results  end  dUcussions  presented  eerHer,  It  becomes  clear 
that  Infrared  spectroscopic  studies  can  be  used  effectively  In  the  eval- 
uation of  asphalt  binders.  The  question  remains  as  to  what  the  Ketone 
Factor  physically  represents  in  terms  of  conventional  parameters.  In 
order  to  assess  this,  a multiple  regression  analysis  was  performed,  the 
objective  being  to  relate  Ketone  Factor  to  changes  in  Absolute  Viscosity 
at  ICO*  F (60*  C),  Penetration  at  77°  F (25°  C)  and  Constant  Power 
Viscosity  (nj)  at  59°  F (15°  C).  Since  changes  in  these  parameters  are 
of  interest  more  than  the  parameters  per  se,  the  ratios  of  these 
parameters  were  taKen  with  respect  to  those  measured  on  the  asphalt  In 
Its  original,  virgin  condition.  In  other  words  Ketone  Factor  was 
related  to  the  Viscosity  Ratio.  Loss  in  Penetration  Ratio  and  Absolute 
Viscosity  Ratio. 

The  three  parameters  chosen  were  so  done,  deliberately,  since  the 
ratio  in  each  case  represents  a particular  temperature  condition.  The 
Ketone  Factor  would  then  be  assessed  against  three  physical  parameters 
one  at  140°  F (60°  C).  another  at  77°  F (25°  C)  and  the  third  at  59° 

(15°  C].  This  would  determine  the  relevance  of  Ketone  Factor  1n  rela- 
tion to  asphalt  properties  over  a substantially  large  range  of  service 
temperatures. 

The  multiple  regression  model  used  is  as  follows: 

Ketone  Factor  -Sp  + Bj  (Abs  Vis  Ratio)  Bj  (Loss  of  Pen  Ratio) 

+ 6-  (Constant  Power  Vis  Ratio)  r Random  ErPbr(11.4) 
This  equation  relates  Ketone  Factor  to  the  three  predictor  variables. 

The  ratios  were  computed  from  data  In  Appendix  C-I  and  C-2.  Absolute 
Viscosities  and  Penetration  data  on  original  asphalts  were  obtained  from 


Tallies  5.1  and  5.2.  Constant  Power  Viscosities  (ij)  at  59'  F {16°  C)  of 
the  original  asphalts  are  presented  In  Table  11.3.  Eight  asphalts  as 
listed  In  Table  11.3  were  considered  In  the  analysis.  The  ratios  used 
in  the  analysis  are  listed  In  Appendix  E. 

Results  of  regression  analysis  with  the  three  independent  variables 
carried  out  using  5AS«SAT  software  are  presented  in  Table  11.4.  R- 
Square  value  of  0.54  shows  that  not  all  the  variation  In  Ketone  Factor 
can  De  explained  by  variation  in  the  Independent  variaoles  In  the 
model.  The  P Value  indicated  whether  the  complete  model  containing  all 
three  independent  variaoles  fits  better  than  the  reduced  model 
containing  all  variables  except  the  one  being  tested.  In  the  case  of 
Absolute  Viscosity  Ratio,  It  is  seen  that  the  P value  Is  0.9395.  This 
Indicates  the  Insignificance  of  the  variable  and  suggests  that  Absolute 
Viscosity  Ratio  may  be  ignored  In  the  analysis. 

Results  of  regression  analysis  without  Absolute  Viscosity  Ratio  are 
presented  in  Table  11.5.  Both  independent  variables  demonstrate  their 
Influence  on  Ketone  Factor.  However,  the  R*Square  value  remains  at 
0.54,  emphasizing  that  only  54  percent  of  the  variation  in  Ketone  Factor 
can  be  explained  by  variation  in  Constant  Power  Viscosity  Ratio  and  Loss 
of  Penetration  Ratio.  A correlation  matrix  Is  presented  in  Table  11.6 
which  indicates  the  relative  relationships  between  the  four  variables 
under  analysis.  Values  of  correlation  coefficients,  computed  on  the 
basis  of  data  which  excluded  90  day  results,  are  also  indicated  in 
parentheses.  The  matrix  shows  that 

1.  Absolute  Viscosity  Ratio  correlates  poorly  (less  than  0.50) 
with  the  other  three  parameters.  When  data  obtained  at  90  days 
Is  excluded,  the  correlation  Improves. 
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T2bU  11.3  Constant  Power  Viscosities  (n.)  at  59*  F (15°  C) 
of  Original  Asphalts  ^ 


CH 

BE 


T* 

TA 

SO 

BO 


0.129340E  t S 
0.901107E  ♦ 7 
0.S33940E  « 7 
0.871003E  ♦ 7 
0.959343E  t 7 
0.160580E  t 7 
0.1I7S45E  * 9 
D.319731E  ♦ 7 


259 

Table  U.4  AesuUs  for  Regression  nitb  Three  Independent  Variables 


Parameter 

Variable 

df  Estimate  P 

Intercept 

I 0.923  0.0001 

Constant  Power  Vis  F 

latio  1 O.ODS  0.0057 

Loss  of  Pen  Ratio 

I 1.210  0.0001 

Absolute  Vis  Ratio 

1 0.0001  0.9395 

R-SQUARE  0.54 

Table  11. S Results  of  Regression  with  Two  Indegendent  Variables 


Variable  df 
Intercept  1 
Constant  Power  Vis  Ratio  1 
Loss  of  Pen  Ratio  1 


Parameter 

Estimate  P 

O.SER  0.0001 

0.006  0.0031 

1.210  0.0001 


R-SQURRE  0.54 


Table  11.6  Correlation  Matrix  Hith  Four  Variables 


LPR 

0.71(0.63) 
0. <8(0. 75) 
0.50(0.57) 
1.00(1.00) 

Note:  N > 104 

N ■ 80  for  numbers  In  parentheses 


1.00(1.00) 

0.40(0.42] 

0.53(0.41) 

0.71(0.63) 


0.40(0.42) 

1.00(1.00) 

0.49(0.51) 

0.48(0.75) 


CPVR 

0.53(0.41) 

0.49(0.51] 

1.00(1.00) 

0.50(0.57) 
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2.  Constant  Power  iHscosfty  Patio  aUo  exnioits  only  limited 
correlation  wftn  the  other  three  parameters. 

3.  Ketone  Factor  correlates  best  with  Loss  of  Penetration  Ratio 
(0.71).  Removal  of  results  pertaining  to  90  day  aging  in- 
creases the  coefficient  of  correlation  with  resoect  to  Absolute 
Viscosity  Ratio.  However,  that  reduces  the  correlation 
coefficients  with  respect  to  the  other  parameters. 

It  thus  becomes  apparent  that  Absolute  Viscosity  measurement  at  the 
90  day  aging  level,  gives  rise  to  a lack  of  correlation,  even  with  the 
conventional  parameters  like  Penetration  and  Constant  Power  Viscosity. 
This  deduction  can  be  further  examined  by  performing  a regression 
analysis  on  the  data  excluding  the  90  day  results,  but  retaining  the 
Absolute  Viscosity  Ratio.  Results  are  presented  in  Table  11.7.  P value 
for  Absolute  Viscosity  Ratio  in  Table  11.4  was  0.939S,  which  now  has 
reduced  to  0.3981.  Increase  in  P value  corresponding  to  Constant  Power 
Viscosity  indicates  the  relevance  of  the  90  day  data  with  respect  to 
that  parameter  in  relation  to  Ketone  Factor.  Reduction  in  R-Sguare 
value  from  0.S4  to  0.41  confirms  that  discarding  the  90  day  data  does 
not  help  the  overall  model,  even  if  that  benefits  correlations  with 
Absolute  Viscosity  Ratio. 

This  discussion  establishes  merit  in  considering  Ketone  Factor  as  a 
unique  measure  of  oxidative  and  age  hardening,  not  completely  related  to 
the  other  conventional  parameters,  but  related  generally  to  the  extent 
the  other  conventional  parameters  are  related  between  themselves. 
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Tab1«  11.7  Rssults  of  ftegrossloti  Excluding  90  Hay  Data 


Parameter 

Vari able  df  Estimate 
Intercept  ! 0.971 
Constant  Power  Vis  Ratio  1 0.013 
Loss  of  Pen  Ratio  l 1.166 
Absolute  Vis  Ratio  1 -0.020 
R-SQLIARE  0.41 


0.0001 

0.3941 


0.0001 

0.29SI 
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11.8  4 Franiework  for  Better  Specifications 

The  study  undertaken  Indicates  that  some  changes  to  the  existing 
structure  of  specifications  «iould  help  eliminate  asphalts  of  Ion 
durability.  With  that  object  in  view,  a framework  for  better 
specifications  is  discussed. 

11.8.1  Tne  Importance  of  Smoke  Point 

The  relation  of  hardening  to  a low  smoke  point  is  obvious.  Discus- 
Sion  in  Section  6.3.3  demonstrate  the  necessity  to  be  cogniaant  of  a low 
smoke  point  and  ensure  that  such  asphalts  are  avoided.  Present  specifi- 
cations in  Florida  have  no  criteria  in  this  regard.  A tentative  minimum 
Smoke  Point  temperature  at  about  350*  F appears  reasonable,  and  this  Is 
proposed  in  addition  to  tne  existing  limit  placed  on  weight  loss  on 
heating. 

11.8.2  Ratios  of  Viscosities  and  Penetration 

Present  Florida  specifications  incorporate  the  Absolute  Viscosity 
Ratio  on  TFOT  (325°  F)  residue  which  is  a maxinno  of  4.0.  Results  in 
Chapter  5 substantiate  the  sensitivity  of  this  specification  in  detect- 
ing asphalts  which  may  harden  adversely  in  service.  To  amplify  this 
specification,  the  TFOT  procedure  could  be  run  at  a higher  temperature 
(365*  F)  and/or  a similar  specification  could  be  Incorporated  which  mea- 
sures the  percentage  loss  in  penetration.  Ideally  an  asphalt  should 
satisfy  both  criteria  to  ensure  long  term  durability.  Such  an  enhanced 
specification  would,  without  being  unduly  stringent  on  satisfactory 
asphalts,  be  able  to  identify  those  which  have  a tendency  to  harden 
rapidly.  The  elevated  temperature  would  enhance  differences  and  render 
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the  soeci fication  more  restrictive.  A suggested  cut-off  level  for  Abso- 
lute Viscosity  Ratio  on  TFOT  (3S5°  F)  residue  could  be  10.0.  Loss  In 
Penetration  after  TFOT  (325*  F)  could  be  for  a start,  set  at  a 40 
percent  level.  Corresponding  figure  for  TFOT  (365*  F)  could  be  set  at  a 
55  percent  level. 

Tables  5.4  and  5.5  demonstrate  the  effect  of  the  suggestions 
made.  For  the  asphalts  in  this  study,  the  Boscan  B5-100  does  not  meet 
the  Uisolute  viscosity  Ratio  specifications  at  both  levels  of 
temperature,  Boscan  65-100  and  Texaco  85-100  do  not  meet  the  suggested 
Loss  in  Penetration  criteria  at  the  lower  temperature.  In  addition. 
Marathon  AC-30  does  not  meet  the  criteria  at  the  higher  temperature. 
11.8.3  Low  Temperature  Criteria 

No  specification  would  be  complete  without  an  assessment  of  the 
asphalt  at  or  near  the  lowest  temperature  which  it  is  likely  to  expe- 
rience in  service.  The  relevance  of  asphalt  viscosity  measurements,  at 
fairly  low  temperatures  is  well  known  and  appreciated.  The  question  Is 
whether  Constant  Power  Viscosities  at  lower  temperatures  are  adoptable 
in  the  form  of  specifications  and  If  so,  in  what  form, 

Mork  done  as  part  of  this  study  and  presented  in  Appendix  C-2  has 
highlighted  the  variability  in  test  results  which  tends  to  increase  as 
the  temperature  is  lowered.  Specifications  based  on  low  temperature 
viscosity  have  to  address  the  variability  of  the  test  results.  Tvfo  or 
more  tests  would  have  to  be  specified  and  the  test  procedure  has  to  be 
standardized.  Without  detracting  from  the  significance  and  utility  of 
the  tests,  it  is  felt  that  It  may  be  premature  to  draft  specifications 
which  are  meaningful  in  critically  isolating  asphalts  of  poor  durability 
and  high  temperature  susceptibility,  on  the  basis  of  Constant  Power 
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ViscosUles.  Further  studies  and  developments  ere  necessary  In  this 

11.8.4  Chemical  Composition  Related  to  Performance 

Aspects  of  this  study  on  infrared  spectra!  evaluation  of  age 
hardening  lean  heavily  on  the  work  done  by  Petersen  and  his  co-workers 
(25).  They  emphasize  the  undesirability  to  devise  chemical  composition 
specifications  and  add  that  such  specifications  should  define  the 
desired  performance  properties.  This  indeed  has  been  the  guiding 
principle  in  developing  a possible  measure  to  identify  asphalt  dura- 
bility on  the  basis  of  Infrared  spectral  tests.  Absorbance  Ratios  and 
Ketone  Factor  can  follow  changes  in  chemical  functionality  and  yield 
valuable  information,  albeit  indirectly,  on  hardening  trends.  The  In- 
tegration of  such  a measure  into  current  specifications  appears 
necessary. 

The  limited  database  compiled  during  this  study  does  not  permit 
reconinendation  of  specific  limits  on  Ketone  Factors.  However,  when 
comparing  asphalts,  it  is  recommended  that  an  assessment  be  made  of 
Ketone  Factors  on  TFOT  or  RTFOT  residues.  Of  particular  Interest  Is  the 
value  of  this  Factor  measured  on  asphalts  which  are  rejected  or  nave 
performed  poorly  In  service.  A compilation  of  such  data  will  enable 
development  of  limits  of  acceptability. 


CHAPTER  12 

CONCLUSIONS  AND  RECOMMENDATIONS 
12.1  Conclusions 

The  foUcwlng  conclusions  were  derived  from  the  results  obteined  in 

investigation: 

1.  On  the  basis  of  percent  Penetration  Retained,  the  RTFOT  is  a 
more  severe  aging  process  than  the  TFOT  for  oven  t^peratures  of 
285®  F and  225“  F.  However,  for  an  oven  temperature  of  365*  F, 
the  two  processes  may  be  considered  identical. 

2.  On  the  Oasis  of  Absolute  Viscosity  Ratio,  the  RTFOT  and  TFOT 
procedures  may  be  considered  equivalent.  Change  in  Absolute 
Viscosity  Ratio  between  325'  F and  365*  F is  greater  than  be- 
tween 285*  F and  325°  F,  the  degree  of  change  depending  on  the 
type  of  asphalt. 

3.  On  the  basis  of  Indirect  Tensile  Strength,  forced  draft  expo- 
sure could  result  in  higher  strength  over  that  caused  by  ultra- 
violet or  oven,  depending  upon  the  asphalt.  Effects  caused  by 
ultraviolet  and  oven  are  about  the  same. 

4.  Indirect  Tensile  Strength  can  sensitively  assess  comparative 
hardening  of  Marshall  specimens  fabricated  from  asphalts  of  a 
similar  grade.  For  example,  Marian!  AC-30  and  Amoco  AC-30  re- 
sult in  higher  strengths  compared  to  Belcher  AC-30  and  Chevron 
AC-30,  when  hardened  in  the  forced  draft  environment. 
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Norlzontsl  deformations  measured  in  the  Resilient  Modulus 
tests,  decreased  with  hardenio9  of  the  asphalt.  Conseouentiy. 
the  Moduli  were  increased.  Differences  between  total  deforma- 
tion and  total  recoverable  deformation  decrease.  In  other 
words,  the  magnitude  of  the  creep  component  is  reduced  as  vis- 
cosity increases.  Ultraviolet  and  oven  exposures  result  in  a 
generally  similar  pattern  of  effects  on  deformation  and  Moduli 
As  the  asphalts  harden.  Fracture  Energy  increased  to  a maximum 
and  then  decreased.  The  location  of  this  maximum  on  the  aging 
scale  appears  to  be  linked  to  the  test  temperature  and  conse- 
quently, to  asphalt  viscosity. 

On  the  basis  of  Penetration,  forced  draft  and  ultraviolet  expo 
sures  were  similar  but  resulted  in  higher  hardening  than  ob- 
tained by  oven  exposure. 

Infrared  spectroscopic  techniques  can  be  used  to  sensitively 
assess  changes  in  Che  asphalt  due  to  increased  levels  of  oxi- 
dation. The  factor  which  can  be  used  Co  follow  these  changes 
was  obtained  by  dividing  the  ratio  of  absorbance  at  1700  cm'^ 
for  the  asphalt  residue,  by  the  ratio  of  absorbance  at  17Q0 
cm"'  of  the  original  asphalt.  This  value  was  termed  the 
Ketone  Factor,  which  increases  with  increasing  levels  of  oxida 
tive  hardening  of  the  asphalt.  This  technique  of  quantifying 
age  hardening  is  simple  and  reliable  for  the  asphalts  used  in 
this  investigation. 

Reference  measurements  for  the  computation  of  the  ratios  of 
absorbance  may  be  made  at  wavenumbers  of  1600  cm*^  or  at  1376 
cm"^.  However,  the  spectral  response  at  1600  cm’*  is 
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preferable  in  the  content  of  shape,  consistency  of  position  and 
intensity. 

10.  Increases  in  Ketone  Factors  may  be  pronounced  in  the  initial 
periods  of  age  hardening,  but  tend  to  diminsh  with  further  oxi- 
dation. Therefore,  Ketone  Factors  are  most  effective  in  the 
evaluation  of  relatively  short  term  hardening. 

11.  As  a rough  estimate,  it  is  probable  that  the  26  day  aging  of 
Marshall  specimens  at  140°  F in  the  laboratory,  6 months  of 
natural  Meathering  of  Marshall  specimens,  TFOT  or  RTFOT  proce- 
dure at  366*  F and  12  to  24  months  field  aging  after  construc- 
tion, in  a well  compacted  asphalt  concrete  pavement  sunface 
layer,  would  all  give  approximately  the  same  degree  of  harden- 
ing for  a typical  paving  grade  asphalt  cement.  This  equiva- 
lence could  vary  to  some  extent  depending  upon  the  properties 
of  the  asphalt  cement. 

12.  An  effective  simulated  asphalt  aging  process  for  evaluating 
mixtures  could  be  achieved  using  a combination  of  the  three 
types  of  exposure.  This  would  best  simulate  actual  conditions 
in  field  service  where  the  combined  effects  of  heat,  light  and 
air  are  experienced. 

13.  Low  temperature  rheology  tests  should  be  conducted  specifically 
to  address  the  variability  of  the  test  results.  Such  variabil- 
ity would  be  substantial 1y  offset  by  standardization  of  the  pro- 
cedure and  conduct  of  the  test.  In  this  context,  the  number  of 
replicate  samples  to  be  tested  is  also  of  particular  interest. 
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12.2  Recoirmerutatlons 

The  findings,  discussions  thereon  and  conclusions  drawn  from  this 
study  lead  to  the  following  reconimendations: 

1.  The  Thin  Film  Oven  Test  should  be  considered  to  be  performed  at 
36S”  F since  the  higher  test  temperature  provides  improved 
detectability  of  age  hardening  potential. 

2.  An  investigation  should  be  performed  to  compare  the  California 
Tilt-Oven  Test  (235.4®  F,  7 days)  with  the  Thin  Film  Oven  Test 
at  the  elevated  temperature  of  365“  F. 

3.  An  artifical  aging  chamber  should  be  fabricated  incorporating 
features  of  the  ultraviolet  chamber  and  forced  draft  oven  to 
provide  a uniformly  diffused  and  upward  airflow.  The  chamber 
should  be  well-insulated  and  constructed  to  maintain  the 
internal  temperature  at  a uniform  140*  F.  Elevated  specimen 
racks  should  be  arranged  to  permit  Ingress  of  air  frcm  all 
sides.  Such  a chamber  would  be  idea!  for  testing  the  combined 
environmental  effects  on  Harshall-tyoe  specimens,  cores,  bri- 
duittes  and  the  like. 

4.  A minimum  Smoke  Point  temperature  could  be  specified  as  part  of 
current  specifications. 

5.  A maximum  Absolute  Viscosity  Ratio  for  TFOT  (365*  F)  residue 
could  be  specified  in  addition  to  the  current  specification 
with  reference  to  TFOT  <325°  F).  A maximum  of  10.0  appears 
reasonable  until  additional  data  can  be  collected  and  analyzed. 

6.  As  an  auxiliary  specification.  Loss  in  Penetration  after  TFOT 
(325°  F)  could  be  set  at  a level  of  40  percent.  The  corres- 
ponding value  for  TFOT  <365*  F)  could  be  set  at  a level  of  55 
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percent.  These  values  appear  reasenable  but  merit  review  on 
the  basis  of  additional  data. 

7.  The  recommended  levels  of  acceptance  can  be  optimized  on  the 
basis  of  field  performance  experience  gained  over  a period  of 

8.  All  asphalts  for  acceptance  testing  should  be  evaluated  on  the 
basis  of  infrared  spectral  tests  measuring  Ketone  factors  on 
TF07  or  (RTfOT)  residues  at  the  current  and  proposed  tempera- 
ture levels.  A record  of  these  data  should  be  maintained  for 
subsequent  analysis  with  the  object  of  establishing  acceptance 
criteria.  Such  tests  would  be  valuable  to  identify  asphalts 
■diich  nay  be  poor  performers  in  the  field.  A reasonably  large 
database  would  be  necessary  for  development  of  acceptance 
limits. 

9.  As  an  extension  of  this  study,  a comprehensive  test  orogram 
should  be  undertaken  to  study  the  relationship  between  low 
temperature  rheological  measurements  and  hardening  potential  as 
recognized  on  the  basis  of  consistency  tests  on  TFOT  (or  RTFOT) 
residues.  The  experimental  design  should  limit  the  statistical 
variability  of  the  test  data.  The  object  of  this  extended 
study  would  be  to  develop  specifications  based  on  viscosities 
measured  in  the  Constant  Stress  Rheometer,  at  a temperature 
level  appropriate  to  the  low  pavement  temperatures  experienced 
in  Florida. 

10.  The  interrelationship  between  aging  in  the  field,  that  in  the 
laboratory  and  in  a natural  environment  needs  to  be  evaluated 
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TEXACO  AIRBLOWN  8S-10C 

Onit  wt  t voids  Spec*  Unit  wt  % voids 

(pc£l  in  Mix  (pef)  in  Mix 


TA  55  13B.47  4.144 

TA  12  138.29  4!268 
TA  34  138.20  4.328 
TA  41  138.19  4.338 
TA  50  138.17  4.351 
TA  38  138.14  4.374 
TA  11  138.05  4.435 
TA  45  137.96  4.484 
TA  17  137.98  4.500 
TA  39  137.94  4.511 
TA  35  137.89  4.547 
TA  33  137.87  4.561 

TA  53  137.78  4.622 
TA  40  137.76  4.633 
TA  30  137.72  4.660 
TA  31  137.64  4.722 
TA  16  137.62  4.730 
TA  58  137.59  4.753 
TA  10  137.56  4.763 
TA  47  137.56  4.772 
TA  44  137.56  4.775 
TA  25  137.53  4.795 
TA  59  137.45  4.848 
TA  49  137.45  4.853 
TA  43  137.40  4.885 
TA  51  137.39  4.892 
TA  48  137.39  4.892 


TA  15  137.32  4.939 
TA  28  137.25  4.986 
TA  46  137.24  4.995 
TA  9 137.23  5.001 
TA  36  137.19  5.030 
TA  42  137.16  5.049 
TA  14  137.16  5.050 
TA  54  137.04  5.135 
TA  8 137.04  5.135 
TA  57  137.03  5.143 
TA  22  137.02  5.145 
TA  7 136.95  5.198 
TA  56  136.93  5.210 
TA  5 136.92  5.220 
TA  12  136.74  5.342 
TA  18  136.74  5.344 
TA  52  136.74  5.344 
TA  29  136.70  5.372 
TA  23  136.69  5.375 
TA  27  136.68  5.361 
TA  4 136.67  5.338 
TA  24  136.58  5.453 
TA  19  136.53  5.484 
TA  20  136.50  5.509 
TA  3 136.49  5.512 
TA  1 136.49  5.516 
TA  6 136.45  5.540 
TA  21  136.32  5.632 
TA  13  136.27  5.665 
TA  2 135.92  5.912 


Asphalt  Content  % 
Theoretical  SG 
Cexnbined  Aggregate  SG 
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Sped  unit  Hc 
(pcf  1 


BSSO  25-35 
nds  Sped 


so  9 137. B4  4.866 
SO  11  137.41  5.163 
SO  15  137.25  5.273 
SO  12  137.23  5.286 
SO  39  137.17  5.328 
SO  8 137.08  5.390 
SO  47  137.02  5.436 
SO  52  137.00  5.446 
SO  16  136.99  5.454 
SO  17  136.99  5.457 
SO  32  136.95  5.435 
SO  7 136.88  5.533 
SO  35  136.87  5.536 
SO  37  136.86  5.543 
SO  43  136.85  5.548 
SO  36  136.77  5.603 
SO  1 136.77  5.609 
SO  18  136.76  5.612 

SO  38  136.69  5.663 
SO  44  136.68  5.667 
SO  24  136.68  5.668 
SO  5 136.66  5.685 
SO  10  136.64  5.694 
SO  29  136.61  5.719 
SO  42  136.55  5.758 
SO  57  136.55  5.758 
SO  21  136.50  5.795 
SO  49  136.47  5.811 
SO  6 136.45  5.827 


SO  19 
SO  60 
SO  22 
SO  26 
SO  59 
SO  55 
SO  58 

SO  41 
SO  54 
SO  30 

SO  33 
SO  45 


136.45  5.829 
136.44  5.833 
136.42  5.845 
136.42  5.846 
136.42  5.847 
136.39  5.867 

136!37  5i879 
136.34  5.903 
136.32  5.914 
136.27  5.949 
136.26  5.955 
136.26  5.958 
136.16  6.027 
136.15  6.034 
136.15  6.037 
136.13  6.049 

136.06  6.099 
136.04  6.107 
136.03  6.115 
136.01  6.130 
136.00  6.139 
135.95  6.171 
135.88  6.224 
135.86  6.232 
135.84  6.247 
135.77  6.295 
135.74  6.320 


Asphalt  Content  t 6.5 

Theoretical  SC  2.322 

Combined  Aggregate  SG  2.483 


=”'*  ";a,r  L’sif 


SG  2.4B3 
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Table 


CHEVRON  AC-ZO  AND  CHEVRON  AC-20  (MODIFIED) 


DI  12  138.48  3. OS 
DI  11  138.30  3.18 
DI  1 137.64  3.50 
DI  15  137.63  3.50 
DI  7 137.76  3.55 
DI  17  137.70  3.59 
DI  13  137.68  3.61 
DI  6 137.63  3.64 
DI  4 137.57  3.69 
DI  14  137.44  3.76 
DI  2 137.43  3.76 
DI  5 137.35  3.84 
DI  10  137.33  3.85 
01  3 137.23  3.92 
DI  19  137.15  3.96 
DI  16  137.09  4.02 
DI  18  137.08  4.03 
DI  22  136.99  4.09 
DI  8 136.80  4.23 
DI  20  136.79  4.23 
DI  26  136.77  4.25 
DI  9 136.67  4.32 
DI  23  136.63  4.34 
DI  21  136.52  4.42 
DI  25  136.51  4.43 
DI  24  136.05  4.75 
DI  27  136.05  4.75 


DM  25  138.71  2.89 
DM  20  138.59  2.97 
DM  7 138.39  3.11 
DM  15  138.29  3.18 
DM  10  136.15  3.28 
DM  6 138.12  3.30 
DM  16  138.07  3.33 
DM  1 137.90  3.46 
DM  4 137.88  3.47 
DM  19  137.88  3.47 
DM  6 137.77  3.54 
DM  18  137.68  3.61 
DM  26  137.44  3.78 
DM  14  137.43  3.79 
DM  21  137.29  3.89 
DM  24  137.28  3.89 
DM  13  137.27  3.90 
DM  11  137.26  3.90 
DM  17  137.24  3.92 
DM  2 137.22  3.93 
DM  12  137.16  3.97 
DM  5 137.06  4.04 
DM  27  137.03  4.06 
DM  23  136.96  4.12 
DM  3 136.94  4.12 
DM  22  136.71  4.28 
DM  9 135.63  5.05 


Asphalt  Content  6.5  % 
Theoretical  SG  2.309 
Combined  Aggregate  SG  2.483 
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APPENDU  B 


RESULTS  OF  MIXTURE  STREN5TH  TESTS 
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APPENDIX  C 


RESULTS  OF  CONSISTENCY  AND  RHEOLOGY  TESTS  ON  RECOVERED  RESIDUES 
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TaBle  C.Z  Results  of  Penetration  anfl  Rheoue 
CHEVRON  AC-30 
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B5LCHEA  AC-30 


EXPOSURE 

(DAYS)  PARAMETER  NO  EXPOSURE 

Perl  n 


"K3  ?5*!  1S!5S^6 

0 (Pe.S)  15-C  13221800 

~t OT71 

15*0  0.7405 

57Tn uv rr 

Fj? n SB sr 


“iij  25*C  1341180  1112790  f!B3!5C" 

1 (P».S)  15°C  18157600  22878600  17485000 

C 0.7448  0.7621  0.7779 

15":  0.7202  0.6910  0.7583 

F?B SI 31 37 

~To ^ iWira J555T35 lUBOSD 

7 (P>.5)  15°C  24946400  21420500  29406300 

E 25*C  C.:7<2  0.7095  0.8073 

15'C  0.7917  0.7795  0.6432 

F5B SB SB ?9 

~Nj 2S1S320 2723701! 4443714 

28  (Ps.S)  15°C  32538600  34475800  30701800 


C 25*0  0.7211  0.6409  0.6842 

15‘C  0.6790  0.5508  0.6601 

2B 25~ 

“n3 2TT 7862286 8319583 1236576 

90  (P3.S!  15*C  43082000  32533900  96067760 

C 2B*C  0.6673  C.6129  0.6025 

15‘C  0.7421  0.7172  0.6019 
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Table  C. 2— continued 


WOCO  AC-30 


PARAHETEA  NO  EXPOSURE 


T5T 


IT 


Tlj  ?5*C  411266 

IPa.S)  15'C  5679310 


1 ?5*C  0.9073 

15*C  0.8415 


OVEN  UV 

Tni  i?  IT 


TO 

"iT 


S51669 

12991100 


0.9916 

0.8750 


497371 

78S2370 


0.8975 

0.9526 


T5?r 


Ti]  25*r 

(Pa.S)  15'C 
1 25*r 

15*C 


IT 


553310 

12251500 


0.9572 

0.9197 


IT 


534001 

12183300 


0.8919 

0.7059 


496196 

10624800 


0.9866 
1.0320 
“15 — 


502972 

12315100 


0.7961 

0.7366 


T55 13 35 3T 


"n]  25*T 

(Pa.S)  15“C 


5J5o3T 

17187100 


0.9103 

0.8959 


liJSfiao 

23723300 


0.8581 

0.7200 


-jJ3555iT 

259SS100 


0.8501 

0.9118 


TeS" 


■?r 


T3 rr 


3353150 

116311000 


0.9079 

0.5843 


“J557T75 7ai£5?6fT 

39172400  471825000 


0.7776  0.8920 

0.8810  0.1260 
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Table  C. 2— continued 


MARIANI  AC-30 


W35iiR 

(OATS)  PARAMETER  NO  EXPOSURE 

RS S3 

“Rj  ?5*J  7S6375 

0 {Pa. 5)  15*C  8710030 

“E  25*E  0.9084 

15'C  0.9171 

!5TCI! DV ns 

f5S 1? 35 35 

“Rj  JS*!  S993i5  1518680  175155S 

1 (Pa.S)  15*C  21288700  24215500  24130100 

Z 25*E  0.8669  0.8425  0.8113 

15"C  0.7041  0.8378  0.9119 

PRR 35 33 3? 

— Hj JST: UCJ5I3 r9»T37Cf 3526560 

7 (Pa.S)  15’C  18165500  26721200  26172300 

£ Ee’C  0.8553  0.7414  0.8261 

15'C  0.8342  0.7787  0.7823 

fiR 31 35 33 

~R] ES*! 3335355 3333735 1112130 

28  (Pa. SI  1S‘C  19967300  27609700  28510200 

C 25*C  0.9344  0.9313  0.9437 

IS'C  0.9577  0.9202  0.7806 

PiR 33 3T 3T~ 

“R3 35*5 5657580 64S83B9 B535890 

90  (Pa.S)  15'C  49295200  47492700  41310300 

— C 25*E 0573 5T75J5 03TT 

15'C  0.3581  0.340B  0.3616 


able  C.2— c 


TEXACO  8S-100 


EXPOSURE 

(OATS) 


28 


90 
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Taole  C. 2— continued 
TEXACO  AIRBLOWN  B5-100 


EXPOSURE 

[DAYS) 


28 


90 


able  C.2—C 


ESSD  2S>3S 


EXSSSURE 

(OArS)  PARAMETER  WI  EXPOSURE 

Fen  ?? 


”n]  25*C  4SS3410 

0 (Pe.S)  IS'C  142813000 

“I  «*C  0.3894 

15'C  0.8809 

5VCT DV FD 

PeJ ?3 n n — 

“Nj ?TT nJTT5(3 llSlMflft JS285CT 

1 (Pa.S)  15‘C  151677000  78346800  64347400 

~t ?rt 5T77T7 iJTSIT? 03?T 

15”C  0.5391  0.6425  0.5863 

Pen  ?T  ?B  ?3 

“Sj 15517555 TT555555 U9841&6 

7 (Pa.S)  IS'C  145750000  161141000  100287000 

— 5 7TZ 5T55I5 5777T5 5T5I7" 

IS":  0.5400  0.6335  0.5900 

— — Pin ?o Ts ~n — 

“k3 F5T 15575555 17735555 [7555755' 

28  (Pa.S)  15‘C  183096000  262314000  259193000 


E 25*0  0.7268  0.7017  0.0667 

lO'C  0.5798  0.5797  0.5405 

Fi5 75 17 7 

"Tij 75*5 [7555755 75T77555 75755750' 

90  (Pa.S)  15'C  102490000  139388000  391724000 

5 25*0  0.6628  0.6339  0.6987 

15°C  0.4809  0.5030  0.5604 
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BOSCAK  8B-10Q 


EXPOSURE 

(DAYS)  PARAMETER  NO  EXPOSURE 

p5S J§ 


~n]  Z5*C  833639 

0 IPa.S)  15"C  8130710 

~t 7TZ 0135 

15'C  0.8A46 

5vTn uv n — 

fen  52  50  55 

T3 35*5 515537 755517 5535IT 

1 (Pa.S)  15*0  6465330  6455100  7222550 

5 35*0  0.8115  0.7904  fl.779? 

15*0  0.8159  0.8945  0.7259 

jj  ^ 

“Nj 35*5 75353J 775515 I55755T 

7 (Pa.S)  15*0  6933830  9148710  10736100 

E 35*0  0.7062  0.7864  0.7961 

15’C  0.8344  0.7909  0.7823 

f55 15 ^ 54 

~n]  25*0  1459600  1868930  1670540 

28  (Pa.S)  15*0  90908500  41372900  25948500 

"E  25*0  0.6980  0.7280  0.7280 

1S°C  0.8598  0.6368  0.7584 

P5? 33 15 7i — 

~n3  35*E  3602670  1557533  4237583 

90  (Pa.S)  IS’O  74990000  85018300  77740000 


1 25*0  0.7992  0.7783  0.7465 

16°0  0.6826  0.6403  0.6822 


322 


Table  C.2— cobtinuea 
CHEVRON  AC-20 

CiMSuliE 

(DATS]  PARAMETER  NO  EXPOSURE 


”Nj  5162S1 

0 (Pa.S)  15’C  16648900 

— 7^ o?sr 

I5'C  0.6362 


OVEN  UV 


Pen  42  43 

“N] ?Pc 5S5555 555555" 

1 (Pa.S)  IS'C  32626000  24066600 

C JF'C  0.8441  0.8304' 

1S"C  0.7204  0.7317 

~53 55*E TSTJSra ISJETTJT 

7 (Pa.S)  15'C  28459500  23075200 

I T5*C  0.8229  0.6446 

15'C  0.6002  0.7026 

Pen  34  4035 

~h3 55'T 1155205 1505550 

28  (Pa.S)  1S‘C  13061500  18177100 

0 !5*C  0491  OtoT 

16'C  0.7758  0.8069 


^ _ _ 

~n3 25’T 4555540 IT51J00’ 

90  (Pa.S)  1S°C  64749500  53960900 

E 25®C  0.6960  0.6391 

15*C  0.6879  0.5848 
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CHEVRON  AC-20  not) 


tjMSURE 

(DAYS)  RARAHETER  NO  EXROSJRE 

P«J 5! 

“Bj T5977! 

0 (Pa.S)  1S”C  4B8145C 

~C  Wc  0.9470 

IS-C  0.8067 

ovEh  iJv 

Pin  SS  !5 

■Ti] — ?55557 

1 (Ps.S)  IS’C  3608680  3357900 

— C ?5»? iT7?3? OTfT 

1S°C  0.8196  0.8623 

p_ 

~Tij  691594  63b321 

7 (Pa.S)  IS-C  5594340  7209790 

— E ?!”: 1T57?J ETEJgr 

p_ J5 jj— 

~ii]  1395340  ITSsSsT 

28  (Pa.S)  15°C  7842700  10332800 

— C ?5*E (T55T7 5755?r 

15'C  0.5550  0.9530 

Fen 33 78 — 

~Hj  5PC  6316080  7352100 

90  (Pa.S)  15‘C  32135300  44807000 

£ 25*C  0.5087  0.5046 

15'C  0.6050  0.6047 


APPENDl);  D 


RESULTS  OF  IR  SPECTRAL  TESTS  ON  RECOVERED  RESIDUES 
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APPENDIX 


RATIOS  USED  FOR  KULTIRLE  RE5RESSI0N  ANALYSIS 
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